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SYNOPSIS
The effects of minor additions on the micro structure and mechanical and corrosion
behaviour of ZINCALUME (Zn-55%Al-1.6%Si) coatings are reported. Magnesium
(0.1-2.5%), calcium (0.1-0.5%), gallium (0.05-1.0%) and copper (0.05-1.0%) additions
were made singly to the ZINCALUME alloy and coatings with controlled mass were
produced. Such coatings were used to analyse microstructural effects (using optical and
scanning electron microscopy), mechanical properties (using microhardness measurement
and visual estimation of the severity of coating cracking on bending deformation) and
corrosion properties (using a humidifed salt spray test and outdoor exposure).
It is found that magnesium additions segregate to the zinc-rich interdendritic regions,
forming a divorced Zn-MgZn2 eutectic at approximately 0.5%Mg, and to the silicon-rich
phase, forming large particles of Mg2Si at the highest addition level of 2.5%. Though
magnesium additions are detrimental to coating ductility, magnesium is beneficial for
corrosion resistance, resulting in significant improvement to salt spray resistance of
unpainted ZINCALUME and edge undercutting of painted ZINCALUME.
Calcium additions segregate to the silicon-rich phase, firstly by fragmentation of the
existing silicon particles and, secondly, by formation of the CaSi2Al2 phase (which exists
as very large particles at the addition level of 0.5%). Calcium is found to have a
detrimental effect on coating ductility, but no significant effect on corrosion resistance.
Gallium additions segregate to the zinc-rich regions, and perhaps grain boundaries, and
appear to have no significant effect on coating ductility with up to 1.0%Ga. A slight
detrimental effect on corrosion resistance in humidified salt spray and outdoor exposure
is noted.
The primary microstructural effect of copper additions is segregation to the zinc-rich
interdendritic regions. Copper additions of up to 1.0% have no significant effect on
coating ductility, but a large detrimental effect on corrosion resistance in the humidified
salt spray test.
It is concluded that none of the additions made singly have sufficient beneficial effect to
warrant further investigation as modifying elements capable of improving the mechanical
and/or corrosion properties of ZINCALUME.

TABLE OF CONTENTS
Page

1.0

INTRODUCTION

1

2.0

CORROSION

4

2.1

Corrosion of Steel and Methods of Control

2.1.1

Electrochemical Basis of Corrosion

4
4

2.1.2 Low Carbon Steel: Corrosion in Air

7

2.1.3 Low Carbon Steel: Corrosion in Aqueous Environments
2.1.4 Methods of Corrosion Control

8
8

Hot-dip galvanizing

10

2.2

2.2.1

Batch Hot-Dip Galvanizing

10

2.2.2

Continuous Hot-Dip Galvanizing

12

2.2.3

Galvanizing with Zn-55%Al-1.6%Si

13

2.3

Corrosion of Zn-55%Al-1.6%Si Coatings

15

2.3.1

Corrosion of Flat Surfaces

16

2.3.2

Corrosion at Cut Edges

18

2.3.3

Corrosion at Cracks and Other Discontinuities in the Coating

20

2.3.4

Corrosion of Painted ZINCALUME

21

3.0

STRUCTURE OF Zn-55%Al-1.6%Si COATINGS

24

3.1

The Intermetallic Alloy Layer

25

3.2

Solidification of the Coating Overlay

29

3.3

Effect of Liquid Alloy Composition

32

3.3.1

Aluminium and Zinc Concentration

32

3.3.2

Silicon Concentration

32

3.3.3

Iron Concentration

33

3.4

Effect of Process Variables

3.4.1

Liquid Alloy Temperature

34

3.4.2

Steel Strip Temperature

35

3.4.3

Cooling Rate

35

3.4.4

Steel Strip Speed

37

3.5

Effect of Structure on Mechanical Properties

38

3.5.1

Coating Thickness

40

3.5.2

Intermetallic Alloy Layer Thickness and Uniformity

40

3.5.3

Coating Overlay Structure

41

3.5.4

Silicon (and other) Particles

42

3.6

4.0

34

Effect of Structure on Corrosion Properties

43

3.6.1

Coating Thickness

43

3.6.2

Intermetallic Alloy Layer Thickness

44

3.6.3

Coating Overlay Structure

45

3.6.4

Silicon (and other) Particles

46

ALLOYING ADDITIONS

47

4 .0 . 1 Surface Appearance and Structure

49

4.0. 2 Mechanical Properties

50

4.0. 3 Corrosion Properties

51

4.1 Magnesium
4.1.1

Zinc-Magnesium and Aluminium-Magnesium Binary Alloys

4.1.2 Effect on Zn-Al Galvanizing Alloys

55
55

4.1.2.2 Mechanical Properties

57

4.1.2.3 Corrosion Properties

58

Calcium

4.2.1

52

4.1.2.1 Microstructure

4.1.3 Predicted Effects on ZINCALUME

4.2

52

Zinc-Calcium and Aluminium-Calcium Binary Alloys

60
67
67

4.2.2 Effect on Zn-Al Galvanizing Alloys

69

4.2.3 Predicted Effects on ZINCALUME

69

4.3

Gallium

4.3.1

Zinc-Gallium and Aluminium-Gallium Binary Alloys

4.3.2

Effect on Zn-Al Galvanizing Alloys

4.3.3

Predicted Effects on ZINCALUME

4.4

Copper

4.4.1

Zinc-Copper and Aluminium-Copper Binary Alloys

4.4.2 Effect on Zn-Al Galvanizing Alloys

4.4.3

5.0
5.1

73
73
75
75
77
77
79

4.4.2.1 Microstructure

79

4.4.2.2 Mechanical Properties

80

4.4.2.3 Corrosion Properties

80

Predicted Effects on ZINC ALUME

81

MATERIALS ANDPROCEDURES

85

Sample Preparation

85

5.1.1

Base Steel for Laboratory Hot-Dip Galvanizing

86

5.1.2 Laboratory Hot-Dip Galvanizing

87

5.1.3

95

The Zn-55%Al-1.6%Si Alloy and Alloying Additions

5.1.4 Pretreatment and Painting

5.2

Coating Microstructural Analysis

5.2.1

Surface Appearance

5.2.2 Galvanizing Alloys and Coatings

5.3

Mechanical Testing

5.3.1

Microhardness Testing of Aluminium-Rich Dendrites

98

101
101
101

103
104

5.3.2 2T-Bend T est: Coating Cracking on Bending Deformation

104

5.3.3

105

5.4

Paint Adhesion

Corrosion Testing

5.4.1

106

Salt Spray Test

106

5.4.2 Outdoor Exposure Test

108

6.0
6.1

RESULTS AND DISCUSSION

109

Galvanizing Alloys : Compositions and
Microstructures

110

6.1.1

Alloy Compositions

110

6.1.2

Alloy Microstructures

115

6 .2

6.1.2.1 Magnesium Series Control Alloy

115

6.1.2.2 Magnesium-Containing Alloys

121

6.1.2.3 Calcium-Containing Alloys

128

6.1.2.4 Gallium-Containing Alloys

132

6.1.2.5 Copper-Containing Alloys

133

Coating Compositions and Structures

137

6.2.1

Coating Compositions

137

6.2.2

Surface Appearance

139

6.2.2.1 The ZINCALUME Coating Overlays
6.2.2.1.1

Magnesium Series

140

6.2.2.1.2

Calcium Series

143

6.2.2.1.3

Gallium Series

145

6.2.2.1.4

Copper Series

145

6.2.2.2 The Intermetallic Alloy Layers
6.2.2.2.1

6.2.3

140

Magnesium Series

150

150

6.2.2.2.2 Calcium Series

152

6.2.2.2.3

Gallium Series

154

6.2.2.2.4

Copper Series

154

Coating Microstructures

157

6.2.3.1 Magnesium Series Control Coating

157

6.2.3.2 Magnesium-Containing Coatings

160

6.2.3.3 Calcium-Containing Coatings

167

6.2.3.4 Gallium-Containing Coatings

172

6.2.3.5 Copper-Containing Coatings

173

6.2.4 Comparison of the Microstructures of Commercial and LaboratoryProduced ZINCALUME

176

6.2.4.1 The Intermetallic Alloy Layers

176

6.2.4.2 The Coating Overlays

178

6.3

Coating Mechanical Behaviour

182

6.3.1

Microhardness Measurements

182

6.3.2

2T-Bend T est: Coating Cracking on Bending Deformation

187

6.3.3

Paint Adhesion

194

6.4

Corrosion Testing

6.4.1

195

Salt Spray Test

195

6.4.2 Outdoor Exposure Test

205

6.5

6.4.2.1 Unpainted Coatings

205

6.4.2.2 Painted Coatings

210

6.4.2.2.1

Magnesium Scries Coatings

210

6.4.2.2.2

Calcium Series Coatings

213

6.4.2.2.3

Gallium Series Coatings

214

Industrial Implications

6.5.1

Experimental Limitations and Further Work

217

220

7.0

CONCLUSIONS

222

8.0

REFERENCES

226

9.0

APPENDICES

238

1.0

INTRODUCTION

ZINCALUME is a galvanically protective coating for low carbon, low alloy steel base,
consisting primarily of a cored dendritic aluminium-rich matrix with a zinc-rich
interdendritic eutectic. The nominal composition is Zn-55%Al-1.6%Si. As one of the
most popular galvanically protected sheet steel products for building industries, it is
currently the focus of intense, commercially funded research. It is produced under licence
in many countries worldwide and research is continuing into understanding and
improving the performance of ZINCALUME in order to provide better quality and
therefore assure demand on international markets.

As part of an ongoing research and development project funded by BHP Steel, the
Research and Technology Department at Sheet and Coil P roducts Division is
involved in the development of galvanised coatings better able to provide protection of
prepainted sheet steel products in the particularly corrosive environments encountered in
the industrial regions of Europe and North America. One important aspect of this research
is concerned with modification of ZINCALUME with minor chemical additions. The
reason for this particular path of research is the need for minimal changes to current
ZINCALUME process technology, thereby minimizing the costs required to introduce
such modifications. The present research is concerned with the production of modified
coatings and the investigation of the effects of these modifications on the microstructure
and mechanical and corrosion behaviour of ZINCALUME. It should be noted that the
greater part of this work was undertaken in the laboratories of the Research and
Technology Centre at BHP Steel - Sheet and Coil P roducts Division.

Initially, it was proposed that such modifications, and resultant effects on coating
properties might be achieved in two ways:
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( 1) by increasing the electronegativity of the aluminium-rich phase, thus providing better
sacrificial protection of exposed steel base, and/or
(2) by decreasing the rate of corrosion of the zinc-rich eutectic, thereby slowing the
depletion of those regions whilst retaining sacrificial properties.

To increase the electronegativity of the aluminium-rich phase, it is necessary for the
added elements to be sufficiently soluble in aluminium to be retained by the aluminium
dendrites during solidification. When in solid solution, the added element must also have
the effect of increasing the electronegativity of the aluminium-rich matrix. Past work on
activation of aluminium anodes has proposed a mechanism whereby elements in solid
solution in aluminium, and which are cathodic to the aluminium, increase the
electronegativity of the anode on dissolution. If this can be achieved for the aluminiumrich dendrites in ZINCALUME coatings, an improvement in sacrificial protection may
result.

The structure of the zinc-rich eutectic is also likely to be modified by the minor additions
of alloying elements since any elements present in excess of the solubility limit of the
solidifying aluminium-rich phase will be rejected into the interdendritic zinc-rich eutectic
regions. If this results in a change to the mechanism of corrosion in the zinc-rich regions
then the corrosion performance of the coating might also be affected.

Four elements have been chosen as alloying additions to the standard Zn-55%Al-1.6%Si
coating alloy, namely magnesium, calcium, gallium and copper. Magnesium is more
electronegative than aluminium, has high solid solubility at 580°C, which is
approximately the temperature of first solidification of the aluminium-rich phase, and is
known to increase the salt spray corrosion resistance o f zinc-aluminium coatings.
Calcium is also more electronegative than aluminium but has low solubility at 580°C.
Gallium and copper are both more electropositive than aluminium, have high solubilities
at 580°C, and have been shown to increase the corrosion rate of aluminium.
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The m etallographic investigation, designed to identify the effects o f m inor alloying
additions on the structure of ZINCALUM E coatings, was considered the primary concern
o f the present w ork. This investigation involved the use o f optical and electron
m icroscopical techniques. However, due to the industrial im plications, the effects of
alloying additions on the mechanical properties of the coatings, in terms o f performance
in bending tests and m easurem ents o f alum inium m atrix m icrohardness, and the
corrosion properties, in terms of salt spray resistance and outdoor exposure, were also
im portant aspects o f this work.

As a result o f consideration of the data acquired, conclusions are drawn on the viability of
co rrelatio n s betw een alloy additions, coating m icrostructure and corrosion and
mechanical behaviour. The potential of the additions for commercial application is also
considered.
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2.0

CORROSION

In this chapter, a background to aspects of steel corrosion relevant to the present work is
provided. First, an introduction to the fundam entals o f corrosion mechanisms is
presented followed by consideration of methods o f corrosion control. Galvanizing as a
method o f corrosion control is then considered in greater detail. The final section is
concerned specifically with corrosion behaviour of the Zn-55%Al-1.6%Si coating
system.

2.1

Corrosion of Steel and Methods of Corrosion Control

The development and widespread use of steel as a structural material, particularly since
the industrial revolution, has lead to the simultaneous development of techniques of
providing adequate protection of the steel against corrosive degradation. Due to the
economic and logistic considerations of repair and replacement of corroded structures, the
study of corrosion control has developed into an essential branch of applied engineering.
Designing for corrosion control is a complex task involving consideration not only of
material properties, but also of such factors as environmental and geometrical influences.
Due to this complexity of corrosion behaviour, an understanding of basic corrosion
principles is essential before consideration of specific cases and methods of control is
undertaken. This section therefore deals with the basic processes of steel corrosion before
leading into discussion of specific control methods.

2 .1 .1

Electrochemical Basis of Corrosion

Most metals are produced through the reduction of metal ores utilizing a great deal of
energy in the process. The metal is then thermodynamically unstable and will tend to
revert to its original state if exposed to suitable atmosphere and conditions. Simply
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defined, metallic corrosion is the reaction whereby metals react with an appropriate
environment to revert to their original ore which is thermodynamically more stable.

The first stage in the manufacture of steel is the reduction of iron ore with carbon (in the
form of coke) to form iron. For instance, in the case of haematite (Fe2C>3) the reaction is;

2Fe 2C>3 + 3C ------->

4Fe + 3CC>2

Because of the large free energy change associated with this reaction, the iron is unstable
and in the presence of oxygen and water, will tend to revert to the original hydrated form
( 1), according to the reaction;
Fe + O 2 + H 2O -------- >

Fe 203.H 20

This relationship explains why iron corrodes but it cannot account for reaction kinetics.
For example, steel and other metals or alloys may corrode at a different rate under the
same conditions. There are several possible causes for this behaviour, one of which is the
influence of corrosion products which may have different effects on the potential of the
metal surface for continued corrosion. However, more fundamental than the effects of
corrosion products is the intrinsic electrochemistry of the system in question. To develop
an understanding of the electrochemical basis of corrosion is to gain valuable insight into
the essential nature of all corrosion systems.

According to Burns and Bradley (2), there are two general classes of corrosion reaction:
those in which there is direct combination of metals with nonmetallic elements, and those
in which the metal dissolves first, usually in an aqueous environment, later to combine
with nonmetallic constituents in the environment to form corrosion products. Both of
these classes of reaction are governed by electrochemical considerations and the
exchanges that take place at the metal surface are analogous to those taking place in a
simple electrolytic cell.
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The essential components of an electrolytic cell are two electrodes, an anode and a
cathode, which are immersed in an electrolyte and joined by a conducting material. The
electrolyte m ust be capable of carrying a current and therefore may be an aqueous
solution or an ionically conducting solid.

The direction and rate of reaction depends initially on the standard electrode potentials of
the metals used as the electrodes in the cell. However, only theoretical predictions can be
made and, when the cell is functioning, this "activation potential" may vary. For
example, the accumulation of ions at the anode or metal at the cathode may alter the
potentials of the electrodes relative to each other.

To illustrate the functioning of an electrolytic cell, consider two metals such as zinc and
copper coupled as electrodes, with water as the electrolyte. When such a coupling is
realized a current is produced and can be detected by an ammeter placed in the external
circuit. Due to the greater electrochemical potential (3), the zinc becomes the anode of the
cell and undergoes a corrosive reaction known as anodic dissolution:
Zn

------- > Zn2+ + 2e"

The zinc ions are discarded at the anode while the electrons flow to the cathode via the
external circuit and take part in the cathodic reduction of oxygen:
0.5O 2 + H20

+ 2e-

--------> 20H -

Zinc ions may then react with the hydroxyl ions to form Zn(OH )2 which deposits on the
anode. In the case of a specific electrolyte containing Cu2+ ions, the electrons at the
cathode may combine with the copper ions and deposit copper on the cathode (4).

The reaction rate is governed by the difference in electrochemical potential of the two
electrode materials; the greater the potential difference, the greater the reaction rate.
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Variations in environment, such as temperature gradients or the concentration of relevant
ionic species in the electrolytic solution, are also important factors in the determination of
reaction rates. Two pieces of steel placed as electrodes in an electrolytic cell may create a
current flow if, for example, the temperature or chemical composition of the electrolyte
surrounding one electrode is different to that surrounding the other. These variations may
sufficiently influence the equilibrium of the system so that a potential difference is created
and the reaction initiated (5). An example of this is the ’’differential aeration cell"
described by Uhlig (6). In this system, the electrolyte surrounding one of the steel
electrodes is thoroughly aerated by bubbling air while the other electrode is de-aerated by
bubbling nitrogen gas. The difference in oxygen concentration produces a potential
difference and causes a current to flow. It is therefore vital that the inter-relationship
between environm ental factors and intrinsic material properties be regarded as
fundamental in the evaluation of any corrosion system.

2 .1 .2

Low Carbon Steel: Corrosion in Air

It has been established that metallic iron is inherently unstable and in the presence of
oxygen and water will tend to rust to iron oxides. In air, there is a plentiful supply of
oxygen and therefore the most important factor determining the extent of corrosion is the
relative humidity (the amount of water vapour in the air) (7).

Temperature and the presence of impurities, such as pollutants ( 1), are also important
factors determining the corrosion rate of steel in air. Vernon ( 8) showed that in the
presence o f small amounts of impurities, such as sulphur dioxide, substantial rusting
occurred above a critical humidity which was lower than that required for similar
corrosion in pure air. Though sulphur dioxide can dissolve in moisture to form acids, the
effect is not so much to produce a direct attack on the steel, but to form salts such as
ferrous sulphate (FeS 04 ) which, through complex reactions, promote continued
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corrosion. Furthermore, these salts are hydrophylic and trap moisture at the steel surface
thereby providing the basic conditions for further corrosion (9).

2 .1 .3

Low Carbon Steel: Corrosion in Aqueous Environments

The basic corrosion reaction of steel in water remains the same as for that in air.
However, while the availability of moisture is the critical factor in corrosion in air, the
availability of oxygen is one of the most important factors determining corrosion in water
(10) . Conditional variables, such as temperature, pH and water flow rate (5), are also
important factors. Variations in temperature affect reaction thermodynamics and changes
in water flow characteristics may affect reactions through varying oxygenation rates and
corrosion product removal. However, the relative acidity of the aqueous environment is
probably the most important factor. At low pH, the evolution of hydrogen tends to
eliminate the possibility of protective film formation so that the steel continues to corrode.
In alkaline solutions, the formation of protective films greatly reduces the corrosion rate

( 11) .

2 .1 .4

Methods of Corrosion Control

Essentially, there are two approaches to the problem of minimizing corrosion of steel
surfaces. The first approach is to separate the steel from the reactive environment by
applying an appropriate "barrier". This barrier may be in the form of a metallic coating
such as that resulting from hot-dip galvanizing or electroplating ( 12), an inorganic coating
such as a porcelain enamel (13), or an organic coating such as a paint system (14).
Metallic coatings can also be designed to offer sacrificial, or galvanic, protection of the
steel substrate.

The second approach involves change to the reactivity of the metal in relation to the
corrosive environment. Typical processes for reducing the reactivity of the steel include:
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1. alloying of the steel to create a "weathering steel" resistant to a specific corrosive
environment (15),

2 . anodic and cathodic protection of steel by an impressed current is used to control the
relative electrochemical potential of the corrosion cell (16), or
3. environmental purification or inhibition, involving the reduction of humidity and
contaminants or the use of organic or inorganic molecular groups to respectively
reduce the reactivity of the corrosive environment (17).

The present work is concerned with compositional modification to a metallic coating and,
therefore, the other methods mentioned above will not be considered further. However, it
may be necessary to refer to some of these processes throughout the present work (e.g.,
pretreatment and painting) and elaboration will be made where appropriate. With respect
to metallic coating, many methods of application have been developed relevant to a wide
variety of uses, including:

1. hot-dip coating processes, in which a steel piece is immersed in molten metal alloy
based on zinc, aluminium, tin or lead, then removed from the molten metal to allow a
metallic coating to form by solidification (18),
2. electroplating (19) involving the electrochemical deposition of such coatings as zinc,
aluminium, chromium, copper, tin and nickel,
3. cladding (20) including hot and cold roll bonding and hot-pressing,
4. thermal sprayed coatings (21) of such m etals as zinc, aluminium, and zinc
-aluminium alloys, and
5. vapour deposition (22) of such metals as aluminium on steel aircraft components.

The present work is concerned with the hot-dip galvanizing process in particular and
therefore this process will be considered in detail prior to introduction of specific alloy
systems.
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2 .2

Hot-Dip Galvanizing

This section provides a background to the principles of the galvanizing process for
producing metallic coatings on steel for corrosion control. An overview of batch hot-dip
galvanizing is presented, followed by consideration of continuous hot-dip galvanizing
and utilization of the Zn-55%Al-1.6%Si alloy in the present work.

2 .2 .1

Batch Hot-Dip Galvanizing

Hot-dip galvanizing was reported as a metallic coating process as early as 1741 by the
French chemist Malouin (23). However, it was not until the 1830's that industrial
application was realized in France and England (24). Since then, the process has been
regarded as one of the most effective, economic and widely accepted methods of
protecting steel from corrosive influences.

The galvanizing process produces a zinc or zinc alloy coating, m etallurgical^ bonded to
the base steel, to provide durable protection of the steel against corrosive attack. The main
advantage of galvanized coatings is outstanding corrosion performance in a wide range of
environments. However, other important advantages include the versatility of the process
(for application to a wide range of article sizes and shapes), the lowest long term cost of
all adequate coating systems and excellent mechanical properties to provide resistance to
mechanical damage in transport and service.

The batch galvanizing process comprises four basic stages:

1. cleansing of the steel surface,
2 . fluxing,
3. hot-dipping, and
4 . after treatments.
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The steel surfaces must be carefully prepared to remove all remnants of rust, scale, oil,
paint or other surface contaminants to ensure unrestricted reaction between the steel and
the molten zinc. Common preparatory processes include abrasive blasting and other
mechanical cleansing methods, acid cleansing and electrolytic cleansing (24).

The clean steel surface is then treated in a fluxing solution, usually based on ammonium
chloride, to remove the oxide film that forms on the reactive steel surfaces after the acid
cleansing process. This fluxing treatment may take place in a "pre-fluxing" medium or in
conjunction with the hot-dipping stage. In the latter case, the acid cleansed article is
passed into the galvanizing metal through a layer of molten flux floating on the surface of
the molten metal (25).

The prepared steel is then dipped into the molten metal resulting in direct contact between
the steel base and the zinc galvanizing alloy. Development of the zinc-iron alloy layers,
which act as a m etallurgical bond between the steel base and the zinc coating, is
dependant on the following reactions (26):

1. dissolution of the solid iron,
2. diffusion of zinc into the steel surface, and
3. the formation of solid zinc-iron phases.

Diffusion, and therefore alloy layer growth, continues while the workpiece remains in the
molten metal. After an immersion time, dependent on factors such as the composition and
mass of the workpiece, it is withdrawn from the molten metal at a controlled rate so that a
thin layer of the molten zinc galvanizing alloy remains covering the surface. This zinc
coating then solidifies as a relatively "pure" zinc layer (depending on the composition of
the molten zinc alloy) with the zinc crystal structure. Depending on the size and shape of
the w orkpiece, the coating thickness may be controlled using such methods as
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centrifuging, variation of withdrawal rate and the use of gaseous jets to "strip" excess
molten zinc from the workpiece.

Additional treatments of the galvanized workpiece may include chromating, phosphating,
roller-levelling or annealling to alter the properties or appearance of the coating.

2 .2 .2

Continuous Hot-Dip Galvanizing

Steel sheet, tubing and wire is galvanized at high speeds, according to the principles
outlined in Section 2.2.1, in a continuous process which allows accurate control of
coating thickness and properties.

In the case of galvanized steel sheet, coils of cold reduced steel strip are processed at
speeds of up to 180 m/minute. The process is continuous because a new coil can be
spliced to the end of the proceeding coil and the strip can be accumulated at both the entry
and exit ends of the line. This allows the strip to continue to pass through the furnaces
and the galvanizing sections without stopping the process. The steel surface is continually
cleaned on line by passing through heat treating furnaces, and a reducing atmosphere
replaces the fluxing stage mentioned in Section 2.2.1. The prepared steel enters the
galvanizing alloy through an aperture which is positioned below the surface of the molten
metal to protect the steel from re-oxidation. The temperature of the strip entering the
molten alloy is approximately 480°C. Therefore, much of the heat required to maintain
the alloy in a molten state at a temperature of around 450°C-460°C is supplied by the
steel strip as it passes through the bath. Coating thickness is accurately controlled "on
line" using a stream of air to wipe excess molten galvanizing alloy from the strip. In this
way, a wide range of coated products for a variety of applications can be produced by a
single galvanizing line.
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2 .2 .3

Galvanizing with Zn-55% Al-1.6%Si

The present work is concerned with a Zn-55% Al-1.6%Si galvanizing alloy, used in
Australia by B H P Steel - Sheet an d Coil P ro d u c ts Division to produce metallic
coated steel product under the tradename ZINCALUME. It is now appropriate to consider
the galvanizing process which utilizes this alloy system.

The galvanizing process employed for the coating of steel with the Zn-55Al-1.6Si alloy is
very similar to the continuous galvanizing process outlined in Section 2.2.2. There are
four main stages in the process:

1. cleaning,
2 . heat treating,
3. hot-dipping, and
4. accelerated cooling.

The principle contaminants on cold-rolled sheet steel are residual rolling oils. Generally,
these are removed through volatilization and burning-off during the initial heating of the
strip but other processes, such as hot electrolytic alkaline cleaning, have also been used
(27) to remove them.

The purpose o f the heat treatment of the steel strip is first to promote reactions between
the reducing atm osphere and the steel surface, and second, to achieve desired
metallurgical treatment of the steel in the form of recrystallization and stress relief. The
steel strip must also be at a temperature compatible with the molten galvanizing alloy to
minimize adverse effects on alloying of the coating to the base and to maintain constant
alloy temperature.
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The composition of the molten alloy is nominally 55 wt% aluminium, 1.6 wt% silicon,
with the balance being zinc, and the alloy temperature is maintained at approximately
600°C (28). As described in Section 2.2.2, gas jet wipers are employed to remove excess
molten coating alloy upon withdrawal from the bath and can be used to accurately control
coating thickness.

The development of a fine dendritic structure results in improvement in the corrosion
resistance of ZINCALUME coatings (see Section 3.6.3). This fine structure is achieved
through accelerated cooling of the steel strip as it emerges from the molten alloy. Air is
forced against the surface of the steel strip to achieve a minimum cooling rate of
1 l°C/second. However, utilization of a cooling rate of approximately 30°C/second is
regarded as standard practice in most commercial operations, but this may vary due to
changes in process variables, such as base steel thickness and strip speed. Lower cooling
rates can result in coatings with much coarser dendritic structures which are detrimental to
corrosion performance (see Section 3.6.3).
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Corrosion of Zn-55% Al-1.6 %Si Coatings

The advantages o f ZINCALUM E over conventional galvanized coatings were first
exhibited by material produced during pilot line trials by the Bethlehem Steel Corporation
(USA) in 1964. After exposure testing programmes lasting into the 1970's, this material
was shown to possess a much improved combination of durability, edge protection and
resistance to crevice corrosion at cracks and other discontinuities in the coating. These
properties made the product more suitable to the roofing and wall cladding markets than
other alloy coatings based on the Al-Zn system (29,30,31). In fact, it has been shown
that ZINCALUM E has two to six times the outdoor corrosion resistance of galvanized
coatings under the same conditions of atmospheric exposure. Figure 2.1 shows the
comparative corrosion performance of ZINCALUME and galvanized coatings in severe
marine and industrial environments (32).

Exposure Time (years)

Fig. 2.1 : The comparative corrosion performance of ZINCALUME and galvanized coatings in marine
and industrial environments (32).

-

16

-

These impressive corrosion characteristics, along with the benefits of high reflectivity and
high-temperature corrosion resistance, have served to further the case of ZINCALUME
as the most versatile form of hot-dip galvanized coating for sheet steel products in the
building industries. However, it should be noted that the European and U.S. markets
have revealed adverse corrosion behaviour not apparent in less intensely industrialized
regions, such as Australasia. This behaviour occurs as a result of specific conditions
prevalent in these locations (such as "acid rain") and is characterized by defects in
prepainted ZINCALUME such as Red Rust Bleed-Through and increased edge
undercutting. These defects will be elaborated on in Section 2.3.4.

2 .3 .1

C orrosion of F lat Surfaces

To explain the mechanism of corrosion of ZINCALUME, it is necessary to refer to the
structure of typical ZINCALUME coatings. Figure 2.2 shows a photomicrograph of such
a coating in cross-section.

Fig. 2.2 : Photomicrograph of the typical microstructure of ZINCALUME coatings. 2000X.

(Courtesy BHP Steel)
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The coating structure consists primarily of cored aluminium-rich dendrites and zinc-rich
interdendritic regions. There are also pro-eutectic silicon-rich particles and an intermetallic
alloy layer bonding the coating to the base steel. The development of this microstructure
will be considered in detail in Chapter 3.

The corrosion mechanism responsible for the environm ental degradation of the
ZINCALUME coating has been outlined by Harvey (33). On exposure to the corrosive
environment, the zinc-rich phase corrodes preferentially to the aluminium-rich dendrites
and continues to do so until it has been depleted and replaced with corrosion product. An
example of this corrosion path is presented in Fig. 2.3. After depletion of the zinc-rich
phase the corrosion rate becomes more characteristic of the aluminium-rich phase. This
results in a lower corrosion rate due to the lower electrochemical potential of the
aluminium-rich phase. It should also be noted that the intermetallic alloy layer provides a
final barrier to the corrosion of the base steel, though the extent of this effect has not been
widely discussed.

-K
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Fig. 2.3 : An optical photomicrograph showing the preferential corrosion of the zinc-rich interdendritic
phase in a ZINCALUME coating. 1(X)0X. (After Harvey (33))

It has been shown that corrosion behaviour may be different in different environments
and this behaviour has been attributed to the presence (or abscence) of chloride ions in the
corrosive atmosphere. Harvey reported the variation in corrosion rate of ZINCALUME in
industrial and marine environments (33), and found that the mass loss was linear for four
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years for the severe marine exposure (with the high chloride ion concentration) while the
results from the industrial exposure indicated that the corrosion rate was lessening over
the same time period. It was suggested that this was most probably due to the continued
passivation of the coating by corrosion products while the higher concentration of
chloride ions in the marine environment lead to the disruption of this passivity and
subsequent activation of both the zinc-rich and aluminium-rich regions. In this way,
galvanic protection of cut edges is provided. The result of this increased activation is
more rapid dissolution of the ZINCALUME coating, the zinc-rich phase in particular.

In terms of resistance to corrosion in an accelerated salt spray test, Townsend et al (34)
found that the time to first appearance of rust on a flat specimen, with a 25 pm
ZINCALUME coating, was 5500 hours. Harvey (33) found the time to produce rust on
5% of the specimen area for passivated ZINCALUME averages about 60 h/|im of coating
when tested with unprotected edges, compared with about 17 h/jim for passivated
galvanized steel. If the edges are protected, the time to failure for ZINCALUME was
approximately doubled.

2 .3 .2

Corrosion at Cut Edges

The mechanism of corrosion at cut edges of ZINCALUME steel sheet is different in
principle from the mechanism at flat surfaces. In the case of corrosion at cut edges, there
is an increased driving force for the dissolution of the coating (the zinc-rich primarily)
due to the need for galvanic protection of the exposed steel base. Figure 2.4 illustrates the
corrosion of ZINCALUME, galvanized and aluminium coatings at cut edges (32).

Galvanized coatings provide complete galvanic protection of steel base at cut edges but
the coating is rapidly consumed adjacent to the edges, resulting in rusting on sheet faces
at edges. ZINCALUME coatings protect the cut edges without excessive coating loss.
This is facilitated by the preferential corrosion of the zinc-rich phase offering galvanic
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protection and the retention of the alum inium -rich phase. However, when the zinc-rich
phase adjacent to the cut edge is depleted, the steel base will begin to rust due to the
inability of the aluminium-rich phase to offer sufficient galvanic protection. Aluminium
coatings provide no galvanic protection to the base steel resulting in severe rusting at cut
edges.
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Fig. 2.4 : A schematic illustration showing the corrosion of ZINCALUME, galvanized and aluminium
coatings at cut edges. (32)

It is important to note the significant effect of base thickness on the rate of coating
removal due to galvanic protection. A greater thickness o f base steel means a larger
surface area of steel requiring protection. This results in a greater driving force for the
corrosion reaction and a subsequent increase in the rate of coating removal.
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C orrosion at C racks and O ther D iscontinuities in the Coating

A scanning electron (SE) micrograph of cracking in a ZINCALUME coating, shown in
cross-section, is presented in Fig. 2.5. The mechanism of corrosion is essentially the
same as that described in Sections 2.3.1. and 2.3.2 in that the zinc-rich regions corrode
preferentially to the aluminium-rich phase. However, direct exposure of the alloy layer,
and the base steel through the cracks in the alloy layer, results in conditions ideal for
increased corrosion. The base steel, exposed through cracks in the alloy layer, requires
galvanic protection and the basic driving force for the dissolution of the zinc-rich phase is
therefore increased. As a result, the zinc-rich regions will be depleted at a much greater
rate.

Fig. 2.5 : SE micrograph showing the cross-section of a typical crack in a ZINCALUME coating.

1000X. (Courtesy BHP Steel)
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2 .3 .4

Corrosion of Painted ZINCALUME

On flat surfaces, paint films provide barriers to corrosion of the ZINCALUME coating by
insulating the coating from the atmosphere. In the ideal case, where a paint film is
completely impermeable to oxygen and moisture, there should be no tendency for the
metallic coating to corrode. However, variations in paint film formulation can result in
quite drastic differences in the capacity of the film to insulate the metallic coating from
corrosive influences.

At cracks on formed surfaces, the paint film is not continuous and therefore may not offer
the same insulation against corrosive atmospheres. This problem is highlighted by the
phenomenon of Red Rust Bleed Through (RRBT), encountered in the particularly
corrosive industrial environments of Europe and North America. RRBT is concerned
with the inability of the sacrificial metallic coating to protect the exposed steel base in
cracks at severe bends in prepainted and formed sheet steel products. The resulting
corrosion of the base steel creates a deposit of hydrated iron oxides (red rust) which
builds up in the crack to eventually "bleedthrough" the metallic coating and paint overlay.
In the most severe cases, this results in "staining" of the bends and subsequent
discolouration of structural surfaces, such as roof and wall cladding. Figure 2.6 shows
an example of RRBT.

Edge Undercutting refers to a process whereby the paint film is "undercut" by excessive
sacrificial coating corrosion adjacent to the cut edge. The large area of steel base exposed
at the cut edge provides an increased driving force for corrosion of the sacrificial metallic
coating resulting in increased paint blistering in the vicinity of the cut edge. Figure 2.7
shows a typical example of Edge Undercutting.

It should be noted that the formulation of the paint system may also influence the process
of corrosion of the metallic coating in cracks and at cut edges. Mabuchi et al (35) cited
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the formation of corrosion products for certain paint systems which acted to block further
corrosion by insulating the underlying metallic coating. Such change to the local
corrosion environment can also be induced through pretreatment processing. In this
process a surface conditioning solution, usually containing chromate ions, is applied to
the ZINCALUME surface to provide a chemically active layer capable of passivating the
metal surface against continuing corrosion in mild environments. This surface
conditioning is also beneficial in ensuring an improved surface for paint adhesion.

Much research into paint formulation and pretreatment systems and the effect on the
corrosion protection of ZINCALUME coatings is currently in progress. However, the
present work is concerned with the corrosion performance of the metallic coating and not
the performance of various paint formulations. Only one paint system and one
pretreatment sytem is utilized in the present work and, therefore, the influence of paint
film formulation will not be considered further.

Fig. 2.6 : Photographs showing Red Rust Bleed Through in commercial ZINCALUME coatings; (a)

increased rust staining on progressively more severe bends, and (b) rust staining on a 2T-bend. 35X.
(Courtesy BHP Steel).
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Fig. 2.7 : Photograph showing Edge Undercutting in a commercial ZINCALUME coating.

(Courtesy BHP Steel)
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3.0

STRUCTURE OF Zn-55%AI-1.6%Si COATINGS

The structure of a typical commercial Zn-55%Al-1.6%Si coating is shown in Fig. 3.1. It
consists primarily of cored aluminium-rich dendrites with zinc-rich interdendritic phases
and silicon precipitates. The coating, hereafter referred to as the "coating overlay", is
m etallurgically bonded to the steel base by intermetallic phase layers. The likely
composition of these layers can be predicted from the Al-Fe-Si ternary system, which is
shown in Fig 3.3.

(M ounting Medium/
A LU M IN IU M - R IC H A R E A S

S IL IC O N P A R TIC L E

Fig. 3.1 : Photomicrograph showing the microstructural features of a typical commercially produced
Zn-55%Al-1.6%Si coating. 2000X. (Courtesy BHP Steel)

One of the major concerns of the present work is the analysis of effects of alloying
additions on the microstructure of ZINCALUME coatings. This chapter is concerned
with the characterization of structural development in typical ZINCALUME coatings.
There are four areas of interest to be covered in the investigation into the development of
a typical ZINCALUME microstructure:
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1. the formation of the quaternary intermetallie alloy layer (which is initiated on
immersion of the steel substrate in the liquid galvanizing alloy),

2 . solidification of the coating overlay after withdrawal from the galvanizing alloy,
3. the effect of changes to the galvanizing alloy composition (i.e. Zn,Al,Fe and Si),
and
4. the effect of process variables such as cooling rate and liquid alloy temperature.

3.1

The Intermetallic Alloy Layer

As with all hot-dip galvanized coatings, when the cleaned and fluxed steel surface
contacts the molten alloy, diffusional interactions occur between the steel and the alloy
resulting in the development of an intermetallic layer which metallurgically bonds the
coating to the steel base. Excessive growth of this intermetallic layer, which proceeds as a
very strong exothermic reaction in Zn-Al galvanizing alloys (36,37), results in poor
adherence of the coating to the steel base (36). This problem is overcome by the addition
of silicon which suppresses the reaction. A minimum growth rate for the intermetallic
layers between iron sheet and a Zn-55%A1 alloy was reported at a silicon content of 3%
(38). However, the optimum silicon concentration for the commercial Zn-55%A1 coating
alloy was found to be 1.65%, which results in an intermetallic layer thickness of 1-2 |im
under standard conditions (39). This layer provides sufficient metallurgical bonding of
the coating to the steel base and effective barrier protection of the steel base against
corrosive degradation, whilst maintaining overall coating ductility.

In the case of commercial Zn-55%Al-1.6%Si coatings, it has been shown that this layer
actually consists of at least two discrete phases, both of which are Al-Fe-Si-Zn
quaternary intermetallic phases (40). Figure 3.2 illustrates dual intermetallic layers
evident in ZINCALUME coatings.
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mw
Fig. 3.2 : Photomicrograph of the intcrmctallic phase layers on Zn-55%Al-1.6%Si coated sheet steel.

1750X.(After Mercer and Willis (40))

Mercer and Willis (40) determined the composition and structure of the phase adjacent to
the coating overlay on commercially produced coatings to be 56%Al-25.3%Fe-l l%Zn7.8%Si and based on the ternary phase Fe3 Si2 Al ]2 . This phase is hexagonal in structure
but body-centred cubic in the presence of zinc, which substitute for iron. This result was
supported by Selverian et al (38) who found two similar forms of a ternary Al-Fe-Si
phase during a laboratory study of intermetallic layer growth between an iron sheet and a
Zn-55%Al-1.7%Si galvanizing alloy. The first phase, designated the T 5 H phase, was
reported to have hexagonal symmetry with the composition of approximately 58%A133%Fe-8%Si-l%Zn. The second phase, T 5 C, was richer in zinc with a composition of
57%Al-30%Fe-6%Si-7%Zn and had cubic symmetry.

Mercer and Willis (40) also suggested that the intermetallic layer adjacent to the steel base
was most likely based on the structure of FeAl3 , and proposed the possible existence of a
further discrete phase layer, based on the orthorhombic Fe 2 A l 5 , forming the
steel/intermetallic interface. This proposal was supported by Selverian et al (38) who
concluded that two discrete phases, identified as FeAl3 and Fe 2 Al5 , were present in the
intermetallic layers adjacent to the iron base in a Zn-55%Al-1.7%Si galvanized coating.
The compositions of the two phases were 58%Al-38%Fe-2%Si-2%Zn and 51%A144%Fe-3%Si-2%Zn.
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Selverian et al (38) also concluded that the growth kinetics of the intermetallic alloy layers
were diffusion controlled, as shown by the parabolic relationship between the alloy layer
thickness and the time in the liquid alloy. It was suggested that the diffusion path through
the alloy layer follows the phase sequence:

Fe base
Fe2Al5
FeAl3

(T5H + T5C)
Overlay

Further work on intermetallic layer development in Zn-55%Al-1.7%Si coatings has
highlighted the effect of immersion time in the galvanizing alloy on the phases present
(38). For an immersion time of 4 seconds, the only phase present was the T 5C phase
while after 1800 seconds immersion a number of phases were present, occuring in the
following sequence:

Fe base
Fe2Al5 : (Fe2Al5 + Ti)
FeAl3 : (FeAl3 + T i)
(T5C + T sh )
Overlay

The Ti phase had the composition 25%Al-54.7%Fe-20%Si-0.2%Zn and was considered
to precipitate within the FeAl3 and Fe2Als phases during cooling.

In Fig. 3.3, an isothermal section of the Fe-Al-Si ternary phase diagram is presented and
the diffusion path through the intermetallic alloy layer is illustrated (38). This system is
presented as a simplification of the quaternary Fe-Al-Si-Zn system discussed throughout
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this section. Selverian et al (38) found some significant differences in composition range
and location of phase fields between the results of this work and those of previous
workers on the Fe-Al-Si system (41). However, it was concluded to be unlikely that the
zinc was responsible for the shift of phase boundaries, even though it was responsible
for some noticeable changes such as the appearance of the Ti and T 5 C phase fields.

Fig. 3.3 : An isothermal section of the Fe-Al-Si ternary phase diagram showing the likely diffusion

path through the intermetallic alloy layer of Zn-SSFcAl-l .7%Si coated iron sheet at 610°C (after
Selverian et al (38)).
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Solidification of the Coating Overlay

As the steel strip is withdrawn from the molten alloy, a layer of Zn-55%Al-1.6%Si
coating adheres to the steel. This coating overlay is rapidly cooled in air to produce the
typical coating microstructure shown in Fig. 3.1. In considering the solidification of this
microstructure, it is worthwhile referring to the Al-Zn phase diagram shown in Fig. 3.4
(42). It should be noted that this diagram applies to equilibrium conditions which do not
occur in the typical accelerated cooling of the Zn-55%Al-1.6%Si coating.

Wt °lo Aluminium

Fig. 3.4 : The Al-Zn equilibrium phase diagram (After Presnyakov et al (42)).

Structural development under equilibrium conditions for the Zn-55%A1 alloy (which is
used as a simplification for the Zn-55%Al-1.6%Si alloy) is considered as follows. As
shown at point A in Fig. 3.4, the first phase to begin to solidify, at approximately 590°C,
is primary alpha-phase (a), with approximately 20% zinc in solid solution. This phase
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grows dendritically with an increasing zinc content (up to approximately 45%, as shown
at point B in Fig. 3.4) and the increasingly zinc-rich liquid is segregated to the
interdendritic regions as the alpha dendrites grow. The last liquid to solidify has the
approximate composition of 80%Zn, as shown at point C in Fig.3.4. However, under
these conditions of equilibrium (where diffusion is not retarded by the slowly decreasing
temperature) the solid will consist of homogeneous alpha-phase with the composition of
45%Zn.

Under non-equilibrium conditions, such as those experienced during accelerated cooling,
the higher cooling rate results in less diffusion of zinc into the centre of the dendrites as
they grow. The result is a "cored" dendritic structure where the centre of the dendrites has
a lower zinc concentration than the outer regions. The last liquid to solidify is therefore
much richer in zinc than in the case of equilibrium cooling conditions and, as Harvey (33)
has proposed, reaches the eutectic composition of 95%Zn and solidifies as a zinc-rich
eutectic in the interdendritic regions.

The Al-Zn phase diagram indicates that solid state reactions are possible as the solid
coating cools further. For example, zinc precipitation is possible from all phases and
eutectoid decompositions are possible both from the alpha-phase and from phases within
the eutectic. The result is a varying distribution, size, and morphology of beta-precipitates
(P) throughout the coating overlay.

In the microstructure of the Zn-55%Al-1.6%Si alloy, the pro-eutectic silicon particles
appear as a dark, faceted phase, rejected by the growing alpha-dendrites into the zinc-rich
eutectic and often growing out of (or at least associated with) the intermetallic layer.
However, apart from merely acting as an inhibitor to intermetallic layer growth, Marder
(43) suggested the silicon particles nucleate at the interface between the alloy layer and the
liquid and grow into the liquid providing heterogeneous nucleation sites for the first
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formed aluminium dendrites. A schematic illustration of the growth sequence proposed
by Marder is shown in Fig. 3.5.

It has also been suggested that increased silicon content results in a refinement of the
coating structure by the provision of further nucleation sites (38). The implications of
structure refinement for corrosion behaviour will be discussed in detail in Section 3 .6 .3 .

t 3

Al loy
layer

t 2

Al loy
layer

t I

Al loy
layer

Fig. 3.5 : A schematic illustration showing the solidification mechanism of ZINCALUME. where
t4 < t3 < t2 < tl . (After Marder (43))
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3.3

Effect of Liquid Alloy Composition

Control of the liquid alloy composition is a fundamental requirement for the production of
quality coatings with the expected corrosion properties of ZINCALUME. Changes to this
composition results in variation of coating structure and may result in adverse corrosion
behaviour in the field. It is therefore necessary to be aware of the consequences of such
compositional variations on coating structure and properties as well as on the galvanizing
process itself.

3 .3 .1

Aluminium and Zinc Concentration

The structure resulting from changes to the aluminium:zinc ratio can be predicted
according to the Al-Zn phase diagram. If the aluminium level is decreased, a decrease in
volume fraction of the aluminium-rich phase results. This may be extended all the way to
the commercial Zn-5%A1 alloy ("GALFAN") which is, essentially, a completely eutectic
structure (44,45). Memmi and Giardetti (46) drew a distinction between hypoeutectoid
and hypereutectoid compositions where the eutectoid composition was given as Zn22%A1. In the case of hypoeutectoid alloys, the phases that formed on cooling were the
eutectoid and zinc. For hypereutectoid alloys, the phases present were the eutectoid and
perhaps the peritectic which had the composition Zn-68.4%A1. However, the alloy
additions made in the present work did not exceed 2.5% and it is therefore considered
that the change in the aluminium:zinc ratio was small enough to consider the properties of
only the Zn-55%A1 coating.

3 .3 .2

Silicon Concentration

As mentioned in Section 3.1, silicon is added to the Zn-55%A1 alloy to prevent excessive
growth of the intermetallic phase layer that begins to form on immersion of the base steel
in the liquid alloy. It is widely accepted that a silicon concentration of approximately

-

33

-

1.6wt% is preferred, resulting in the development of a quaternary intermetallic phase
layer thickness of 1-2 pm (39).

At lower silicon levels, excessive growth of the intermetallic phase is evident which may
lead to poor coating adhesion and ductility. At higher silicon levels, a greater proportion
of silicon-rich particles is evident in the coating. There is evidence that this increase in the
presence of silicon particles was responsible for a refinement of the grain structure during
solidification (38).

3 .3 .3

Iron Concentration

In a commercial galvanizing system, iron saturation of the liquid alloy is inevitable due to
the tendency of the steel strip and the crucible machinery (which guides the steel strip) to
dissolve to form a system in equilibrium. If the liquid alloy is supersaturated with iron,
then it is likely that excessive quaternary intermetallic dross will form. This dross may
build up in the crucible or on the pot machinery, causing processing problems, or it may
be incorporated in the coating overlay causing defective products. These particles have a
detrimental effect on coating quality and ductility and may cause problems in later
processes, such as painting or roll-forming. It should also be noted that decreases to
liquid alloy temperature can also have the effect of increasing the amount of intermetallic
dross formation.
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3 .4

Effect of Process Variables

Process variables which have influence on the structural development of ZINCALUME
coatings include the liquid alloy temperature, the steel strip temperature, the rate of
cooling of the coating and the speed of the steel strip as it passes through the galvanizing
line. Because of the proprietary nature of the technology associated with the
ZINCALUME process, the effects of these variables on the structure will be only briefly
discussed and no reference to specific commercial processes will be made.

3 .4 .1

L iquid Alloy T em p eratu re

The main influence of the liquid alloy temperature on the coating structure is on the
formation and growth of the intermetallic alloy layer. If the liquid temperature is too low,
the alloying reaction necessary to form a continuous layer may not occur, or may at least
be hindered, resulting in regions with poor coating adhesion and no "last line of defence"
against corrosive attack of the steel base. On the other hand, if the liquid temperature is
too high, then excessive growth of the alloy layer is possible. However, it should be
noted that there has been shown to be very little appreciable difference between alloy
layer growth rates at temperatures of 605°C and 620°C (47).

The influence of the liquid alloy temperature on the structure of the coating is less
straightforward. For instance, it is possible that viscosity change with temperature might
influence the jet-stripping of excess molten alloy through changes in liquid flow
characteristics (48). This would result in coating thickness variations and possible related
structural change due to variation in cooling rate (43). If the liquid temperature is low
enough to approximate the liquidus temperature of the alloy, the coating may well begin
to solidify prior to, or during, the jet-stripping process and the control of coating
thickness would be very difficult.

-
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Steel Strip Temperature

If the steel strip is not heated sufficiently in the furnace prior to the entering the
galvanizing alloy, then it is possible that the strip may not have been adequately cleaned
or, in the case of the reducing atmosphere furnace, that it has begun to oxidize. The result
in both cases is that the strip may not properly react with the liquid alloy to form the
continuous and uniform intermetallic alloy layer necessary for an adherent coating.
However, if a clean strip passes through the liquid alloy at a lower temperature than that
specified, then it is possible that problems may occur indirectly through reduction in the
temperature of the liquid alloy.

If the strip temperature is too high, then it is quite possible that the temperature of the
liquid alloy will be increased. If this occurs, the problems outlined in Section 3.4.1.,
such as excessive alloy layer growth and changes to melt flow characteristics, may be
encountered.

3 .4 .3

Cooling Rate

The cooling rate of the molten coating after withdrawal from the liquid alloy has a major
influence on the resultant coating structure. One important aspect is how the cooling rate
affects the development of a zinc-rich region adjacent to the interface between the alloy
layer and the coating overlay. Such a region can result in complete coating failure due to
the preferential corrosion of these regions and the subsequent loss of adhesion of coating
overlay to the alloy layer. It is thought that this phenomenon is caused by the diffusion of
aluminium into the growing alloy layer after the steel is removed from the liquid alloy
(49). Depletion of aluminium in the region next to the alloy layer results in a region
corresponding to the zinc-rich eutectic composition on solidification of the coating
overlay. The theory is that if the cooling rate is high enough, then the diffusion of
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aluminium into the still growing alloy layer is retarded and the undesirable zinc-rich layer
is avoided.

An increased cooling rate also results in the development of a finer dendritic structure in
the coating overlay. This has been measured in terms of a recognized morphological
characteristic known as the Dendrite Arm Spacing, or DAS (50). DAS was defined as the
spacing between secondary dendritic arms in a grain with obvious six-fold symmetry.

It has been noted that the effect of decreasing coating thickness was to increase cooling
rate (43) and that increasing cooling rate decreased DAS. This was supported by
Selverian et al (38) who found that increasing coating thickness resulted in increased
DAS and "spangle" size. The term "spangle" refers to the surface grain structure of
galvanized coatings.

Selverian et al (38) also nominated the dendrite size as a measure of the "fineness" of the
coating structure. The circular area marked A in Fig. 3.6 was considered representative of
the cross-section of a dendrite arm, and was defined as the dendrite size. It was
proposed that the aluminium dendrite size decreased slowly in the range of coating
thicknesses from 40 pm to 8 pm. In this range, the main effect of the coating thickness
was on the cooling rate. Higher cooling rates increased the supercooling of the liquid and
more dendrite nuclei formed, thus decreasing the aluminium dendrite size. It was
therefore suggested that at coating thicknesses greater than 8 pm, the cooling rate was the
controlling factor determining the aluminium dendrite size.

It has also been suggested by Marder (43) that by increasing the cooling rate, more
silicon particles form. These silicon particles act to refine the structure by either providing
numerous heterogeneous nucleation sites for aluminium-rich dendrites, or by physically
restraining the dendrites as they grow.
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Fig. 3.6 ; Photomicrograph of a ZINCALUME coating defining aluminium-rich dendrite size, shown
by the region marked A. 700X. (After Selverian et al (38))

3 .4 .4

Steel S trip Speed

The strip speed on a commercial line is determined primarily by the base thickness of the
strip due to constraints of furnace capacity and cooling requirements. The main effect on
coating structure is related to the immersion time in the liquid alloy, which will affect the
growth of the intermetallic alloy layer.

If the strip speed is too high for a given base thickness, then inadequate treatment in
conditioning furnaces may result leading to problems in the galvanizing process. Such
problems include; poor alloying of steel strip with liquid galvanizing bath, cooling of the
liquid alloy bath, jet-stripping process problems and insufficient time in the accelerated
cooling medium. Conversely, low strip speed can result in overheating of the strip and
the liquid alloy bath, excessive alloy layer growth and complications in the jet-stripping
of excess liquid alloy.

-38-

3.5

Effect of Structure on Mechanical Properties

There has not been a great deal of work done on identifying the structural influences on
mechanical behaviour of ZINCALUME coatings. Probably the most important aspect to
be considered is the coating ductility, which can be considered as resistance to coating
cracking on forming of the base steel. If the coating has poor ductility, then it is to be
expected that the greater amount of cracking will expose more of the steel base to
corrosive influences. This would result in an increase in the rate of coating corrosion due
to the increased driving force for sacrificial protection of the steel base, and a subsequent
decrease in the effective life of the coating. In fact, if the coating were somehow designed
to be more ductile, that is with less cracking, then problems such as red-rust bleedthrough at bends in formed products may be overcome.

In a study of ZINCALUME ductility, Willis used post-galvanizing heat treatments in an
attempt to improve coating ductility through structural homogenization. It was shown that
significant improvement in the cracking performance of ZINCALUME coatings was
possible using a 24 hour treatment at 250°C with furnace cooling (51). The treatment
affected the coating microstructure by coarsening the beta-precipitates and lamellae in the
interdendritic regions. There appeared to be no significant change to the silicon particles
or the intermetallic alloy layer and the interdendritic regions were still the weakest points
in the microstructure and the sites for crack initiation and propogation. It was noted,
however, that the number of cracks per millimetre was greatly reduced and the average
crack width was moderately reduced. Willis suggested this was due to an important
microstructural effect not apparent using SEM techniques. The heat treatment has been
shown to reduce the strength of the ZINCALUME coating by about 25% (52) and it was
proposed that this was due to overaging and consequent softening of the aluminium-rich
dendrites forming the matrix of the microstructure. The intermediate phases which caused
hardening of the aluminium-rich dendrites were replaced by coarser beta-precipitates
which enabled the coating to sustain a higher overall strain before plastic rupture. This
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was due to the increased plastic flow in the aluminium-rich dendrites which distributed
the strain more evenly throughout the coating instead of being localized in the
interdendritic regions. Unfortunately, in both cases, the precipitates were too small to be
resolved in the SEM.

Makimattila et al (53) proposed two stages of deformation of coatings in biaxial tension.
First, cracks nucleate and grow in grains that have brittle crystallographic directions
oriented unfavourably with respect to the slip direction. Grain boundary cracking also
occurs at small deformations. In ZINCALUME, the primary cracks propogate
preferentially along grain boundaries or dendrite interfaces. In the second stage, a more
brittle behaviour is observed. Primary cracks begin to widen and secondary cracks
nucleate as the base steel is strained. It was assumed that at large strains, the underlying
steel surface deforms inhomogeneously and may contribute to further exposure of the
steel surface.

Makimatttila (53) classified cracking on bending deformation into four categories, as
shown schematically in Fig. 3.7. Bending to a relatively large diameter produces small,
separate transgranular cracks with favoured orientation along the bending axis (Fig.
3.7a). In a large grained coating, grain boundary cracking also occurs (Fig. 3.7b). As the
bend becomes more severe, both crack types start to form long, continuous
configurations (Fig. 3.7c). Still heavier deformations initiate new, strain dependant, axisoriented cracks (Fig. 3.7d).

The present work is concerned with the influence of minor alloying additions on the
microstructure of ZINCALUME and the subsequent effects, if any, on mechanical
properties of the coating (such as coating ductility). It is therefore necessary to discuss
the most obvious structural features of these coatings with respect to their possible
influences on mechanical behaviour.
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Fig. 3.7 : A schematic diagram showing the classification of cracking severity on bending, as
proposed by Makimattila et al (53).

3 .5 .1

C oating T hickness

Results by Willis (51) indicated that lower coating thicknesses resulted in more, but finer,
cracks while an increase in coating thickness resulted in fewer, but wider, cracks. In a
different approach, Makimattila et al (53) suggested that the critical bend radius (a
measure of the ability of the coating to resist cracking) was not so much dependant on the
coating process, or composition, as on the coating film thickness. The thinner the
coating, the less damage was produced on bending and the smaller the radii which could
be safely applied.

3 .5 .2

In term etallic Alloy L ayer Thickness and U niform ity

In his work on post-galvanizing heat treatments to improve coating ductility (51), Willis
observed a distinct alloy layer which was extensively cracked. However, there were only
occasional indications that these cracks acted as nucleation sites for overlay cracking. It
has also been established that alloy layer cracking was much more extensive than coating
overlay cracking and it was therefore considered unlikely to be of first order importance
(54). Lamberigts et al (55) suggested that the surface characteristics of the alloy/overlay
interface may have had an important influence on cracking (perhaps by supplying sites
for stress concentration and therefore crack nucleation). It was proposed that the
homogenization of intermetallic particle size distribution achieved through minor
additions of vanadium and chromium resulted in improvements in coating ductility. Apart
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from these observations, however, there has been little consideration of the role of the
alloy layer in cracking of ZINCALUME coatings.

3 .5 .3

Coating Overlay Structure

There are three major aspects of the dendritic structure of ZINCALUME coatings which
may influence the overall mechanical behaviour of the coatings. These are the mechanical
properties of the aluminium-rich dendrites (which form the matrix of the coating), the
properties of the zinc-rich interdendritic regions, and the dendrite arm spacing (a measure
of the "fineness" of the dendritic structure).

It would be expected that as the strength of the aluminium-rich phase (reflected in
hardness) increases the ductility of the coating would correspondingly decrease. This is
supported by Torok (56) whose studies showed that the coating overlay age-hardened
from 102 to 132VHN (Vicker's Hardness Number) in approximately two weeks after
solidification. This was shown to represent a significant increase in tensile strength with a
commensurate loss in coating ductility. However, it should be noted that, in this work,
the method for determining the coating hardness was not made clear, and it is not
apparent whether the results represent the hardness of the coating overlay generally or
that of the aluminium-rich matrix.

There is little known about the influence of the zinc-rich regions on coating ductility other
than their role as sites for crack nucleation and propogation. What effect changes to the
structure of these multi-phase regions might have has not been investigated. A finer
dendritic structure means more, but smaller, interdendritic regions. This suggests shorter
paths for crack propogation resulting in a finer cracking pattern. On the other hand, it
might also mean smaller aluminium dendrite arms through which cracks must propogate.
W hatever the case may be, it is clear that the relationship between DAS and the
mechanical behaviour of the coating is not well understood.
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The influence of grain size on the ductility of ZINCALUME coatings has not been
thoroughly investigated, although grain boundaries have been identified as possible
sources of crack initiation and propogation (57). From this it might be suggested that a
finer grain structure, with more grain boundary surface area, would result in more
significant cracking. However, the overall result might be more but finer cracks leading
to a reduction in the amount of steel base exposed. Lamberigts et al (55) suggested that
refining grain size improved ductility (measured in terms of the number of cracks in the
deformed area). It should be noted, however, that these improvements were associated
with additional structural modifications, such as homogenization of the interfacial
intermetallic particle size distribution and globularization of interdendritic silicon particles,
and therefore the effect of grain size alone remains unclear.

3 .5 .4

Silicon (and other) Particles

It has been observed that the silicon-rich particles in the overlay are commonly associated
with coating cracks (51). The reason for this association seemed to be the suitability of
these faceted particles as stress concentrators. The shape of the particles was considered
important and spheroidized particles (such as those evident after certain post-galvanizing
heat treatments) may not have been as effective as sites for crack nucleation. Similarly,
modifications to silicon particle morphology through the use of minor additions of
strontium have been reported (55), and it has been suggested that significant
improvements to coating ductility resulted. However, little work has been done to
quantify the effect of silicon particles on coating ductility and it can therefore only be
theorized that the more apparent these particles are in the coating overlay, then the more
severe the cracking. Of course, other particles such as quaternary intermetallic dross
particles may act as crack nucleation sites also. It would be expected that the influence of
these particles, with respect to size, shape and distribution, would be similar to that of the
silicon-rich particles discussed above.
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3.6

Effect of Structure on Corrosion Properties

There is very little literature available on the effects of structural variations on the
corrosion properties of the ZINCALUME coating system. However, the influence of
structural parameters, such as coating overlay thickness and microstructure, alloy
thickness and structure and the presence of various particulate phases, is potentially
significant enough to warrant consideration. Due to the emphasis of the present work,
only the effects on salt spray resistance (an accelerated weathering test described in
greater detail in Chapter 5) and outdoor exposure are discussed.

3 .6 .1

Coating Thickness

In Australia, ZINCALUME coatings on sheet steel for outdoor use are commercially
produced in two coating masses, 150 g/m2 and 200 g/m2, which corresponds to coating
thicknesses of approximately 20 pm and 25 pm, respectively. Given the corrosion
mechanism of ZINCALUME, it seems reasonable to assume that thicker coatings might
lead to prolonged life in corrosive atmospheres, such as those encountered in salt spray
testing and outdoor exposure. This proposal is supported by Gunnar Eggen (58) who
showed that ZINCALUME coatings of 30-40 pm were more durable than those of 20
pm.

In terms of corrosion at cut edges for a given base steel thickness, an increase in coating
thickness should result in increased protection of the exposed steel base due to the
availability of more zinc-rich regions to provide galvanic protection. It seems logical to
extend this principle to the situation of corrosion at bends or discontinuities in the
coating.

-44-

3 .6 .2

Intermetallic Alloy Layer Thickness

It is generally accepted that the intermetallic alloy layer provides added "barrier
protection" of the steel substrate from corrosive environments. According to Horton et al
(59), the intermetallic alloy is corrosion resistant, cathodic to the steel base and the
coating overlay and acts as an electrochemical discontinuity. If corrosion penetrates
through the coating overlay, it becomes arrested at this layer. However, in contrast, it
was proposed by Lin et al (60) that the intermetallic layer, similar to the overlay, exhibits
galvanic protection to the steel substrate.

At this point it may be beneficial to consider the different corrosion situation at flat
surfaces, cut edges and bends. On flat surfaces, the intermetallic alloy layer essentially
provides only barrier protection and, as long as the integrity of the layer is assured, a
greater thickness will result in greater barrier protection and hence greater time to rusting
of the base steel. If the alloy layer is anodic to the steel base, and localized pitting of the
layer during corrosion has exposed the steel base, then it is possible that the it may
provide some galvanic protection to the steel base thereby extending the useful life of the
coating. If, however, the alloy layer is cathodic or electronegatively similar to the steel,
then it will offer no such galvanic protection to the exposed steel. The situation at cracks
in the coating is similar to the one illustrated for localized pitting of the alloy layer which
exposes the steel to the corrosive environment. If it is anodic to the steel then the alloy
layer may afford some additional protection against corrosion.

The situation at cut edges is somewhat different due to the large area of steel exposed
providing the driving force for galvanic corrosion. If the alloy layer is anodic to the steel,
it may contribute to the galvanic protection of the exposed steel but the large driving force
for corrosion in this case would make the contributions of a relatively thin alloy layer
insignificant when compared with that of the much thicker overlay. If the alloy layer is
cathodic, then any effect would be minimal.
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-

C o a tin g O v e rla y S tr u c tu r e

According to Allegra et al (61), accelerated cooling after dipping refined the aluminiumrich dendrite structure and reduced the volume fraction and size of the zinc-rich
interdendritic regions. This resulted in a more circuitous interdendritic network better
capable of retaining corrosion products and providing resistance to localized corrosive
penetration. Figure 3.8 shows the relationship between weight loss and dendrite arm
spacing after 7.5 years exposure at an industrial site.

DAS

(/im )

Fig. 3.8 ; Graph showing ZINCALUME weight loss as a function of DAS after 7.5 years exposure in
an industrial environment (61).

Unfortunately, no such investigation in marine environments was undertaken and it is
therefore difficult to relate this experience to expected performance in salt spray tests or
marine exposure. However, it seems feasible to suggest that a similar trend might occur.
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It was also noted in the work of Allegra et al (61), that high zinc concentrations at the
interface between the intermetallic layer and the overlay, which may result from an
insufficient cooling rate, can lead to anodic dissolution at this interface and eventually to
complete coating delamination.

There has been little work done on the influence of grain (spangle) size on the corrosion
properties of ZINCALUME coatings. One logical suggestion might be that an increase in
grain boundary area, provided by a decrease in grain size, would result in a greater
number of crevice sites for localized corrosive attack. Whether this would result directly
in a decrease in corrosion resistance has not been shown.

3 .6 .4

Silicon (and other) Particles

The direct effect of silicon and dross particles on the corrosion resistance of
ZINCALUME coatings is probably negligible. However, these particles might indirectly
affect the corrosion behaviour through the influence on cracking characteristics. For
instance, if a greater concentration of particles results in more significant overlay cracking
on bending, then the larger area of exposed steel would provide a greater driving force
for galvanic corrosion. As a result, the useful life of the coating would be reduced.

-

47

-

4.0 EFFECT OF ALLOYING ADDITIONS

It is established in Section 1.0 that this work is concerned with the effect of minor
alloying additions on the microstructure and mechanical and corrosion behaviour of
coatings based on the ZINCALUME alloy. The effects of only minor additions were
investigated because of the need to utilize current ZINCALUME galvanizing process
technology.

This work was initiated in response to growing concern over the performance of
ZINCALUME in the industrial environments of North America, and specifically to the
problems of Red Rust Bleed Through (RRBT) and Edge Undercutting (EU) (see Section
2.3.4). It was suggested that an attempt be made to increase the electronegativity of the
aluminium-rich dendrites by alloy design, as such "activation" of the aluminium-rich
matrix might enhance galvanic protection of the exposed steel base after the zinc-rich
regions have been depleted through sacrificial dissolution.

There is electrochemical evidence which suggests that the "activation" of aluminium
anodes is possible by minor additions of alloying elements (62,63,64). One theory (64)
suggests that minor additions, which are cathodic to aluminium, promote the "activation"
if incorporated in the matrix, either as precipitates or solutes. It was suggested that
similar "activation" of the aluminium-rich matrix would be beneficial to the corrosion
performance of ZINCALUME*, especially with respect to the problems of RRBT and
EU. The higher sacrificial potential would enhance the galvanic protection of exposed
steel once the zinc-rich regions have corroded away.

* It should be noted that the literature regarding electrochemical activation of aluminium relates to relatively
"pure" aluminium anodes, whereas the aluminium-rich dendrites in ZINCALUME coatings contain as much as
30wt% zinc and minor amounts of iron and silicon. It is therefore considered possible that such a highly
alloyed aluminium-rich phase might not be capable of holding further additions in solution. If this is the
case, it seems more likely that the additions might form additional phases, perhaps as precipitates within the
aluminium-rich dendrites, and the required effect might still be achieved.
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The corrosion resistance of a ZINCALUME surface not in direct contact with the steel (as
is the case on a flat surface with no cut edges or discontinuities in the coating) is most
likely to be improved by reducing the corrosion rate of the zinc-rich regions. This
reduction in corrosion rate can be achieved in two ways; by lowering the electrochemical
potential (that is, make the zinc-rich regions less electronegative) and by promoting the
formation of corrosion products better able to insulate the underlying coating from further
corrosion.

The criterion for choosing the minor additions was based on several factors, the most
im portant o f which were the solidification and corrosion mechanisms of the
ZINCALUME coating. As the aluminium-rich dendrites grow during solidification, alloy
additions above the solubility limit in the dendrites will tend to be rejected ahead of the
solidification interface. These rejected additions will be incorporated in the zinc-rich
interdendritic regions according to the phase equilibria. This might be advantageous if the
addition decreases the corrosion rate of the zinc-rich regions but the primary objective is
for significant amounts of the addition to be retained in the aluminium-rich matrix. One
proposal to minimize segregation to the zinc-rich regions, is the choice of elements with a
high solubility in the aluminium-rich matrix at the solidification temperature, and
preferably with high solubility at lower temperatures also.

There is another possibility which must be considered, and that is the formation of
intermetallic phases separate from the aluminium-rich matrix and the zinc-rich eutectic.
These phases may take the form of a modified intermetallic alloy layer, or new discrete
phases within the coating overlay.

Four series o f elemental additions were chosen for the present work; magnesium,
calcium, gallium and copper. Magnesium is anodic to aluminium (3), has a high
solubility of approximately 7wt% at 580°C (65) and has been shown to improve salt
spray corrosion resistance in metallic coatings (66,67). Calcium is also anodic to
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aluminium (3) and has a solubility of between 0.01-0.6wt% at the eutectic temperature of
616°C (68). Gallium is cathodic to aluminium (3) and has a solid solubility in aluminium
of approximately 8wt% at 580°C, increasing to approximately 20wt% at 27°C (69).
Copper is also cathodic to aluminium (3) and has a solid solubility in aluminium of
approximately 9wt% at 580°C (70).

In this chapter, the most likely effects of these additions on the microstructure and
mechanical and corrosion behaviour of ZINCALUME will be presented. However, there
is little literature available relevant to the ZINCALUME system, and the author
acknowledges the problems associated with using data obtained from the binary or
ternary systems as simplifications for quaternary, or quinary systems (as is the case in the
present work). For instance, Mondolfo (71) warns "the more complex reactions may
completely subvert the equilibria and the information gathered from the simpler systems
may be worse than useless". With this warning in mind, a survey of the most likely
effects of the additions will be presented with reference to the available literature on phase
equilibria in the simplified systems and effects in galvanizing alloys. This survey will
begin with consideration of the microstructural effects of the additions to pure zinc and
pure aluminium. The effects of additions to Zn-Al galvanizing alloys will then be
presented, with respect to microstructure and mechanical and corrosion behaviour. This
survey of the literature will then be used as a guide for predicting likely effects of the
additions on the properties of the Zn-55%Al-1.6%Si coating used in the present work.
However, before considering each addition specifically, the mechanisms by which
additions might affect the properties of galvanized coating alloys will be briefly
summarized.

4 .0 .1

Surface Appearance and Microstructure

According to Krepski (72), the properties of galvanized coatings are extremely sensitive
to the concentration of solutes. Adding elements to molten zinc can alter the solidification

-50-

process, changing the site of nucleation and the mechanism by which these nuclei grow.
Alloying can also affect the identity of the various intermetallic phases that develop at the
steel/zinc interface. With such effects on coating structure, the possibility of change to the
mechanical and corrosion properties of the coatings must also be considered.

Galvanized coatings are often characterized by a surface grain structure (73), consisting
of a number of facets of related orientation radiating from a single nucleation point. This
grain formation, referred to as "spangle", is generally due to the dendritic mode of
solidification in alloys that have alloy additions with limited solubility in zinc (72).
Specific additions can alter nucleation and growth kinetics and may even change the mode
of solidification. For example, the 5%A1 alloy patented by Inland Steel Corp., USA, in
1977 (74) is eutectic, solidifying into a two-phase structure at constant temperature.

Cameron and Harvey (75) have shown that the solidification of conventional galvanizing
coatings is initiated at the steel/coating interface and spangles form when the dendrites
grow to the surface of the coating layer. The related characteristic surface relief and/or
surface smoothness is dependant on the surface tension of the liquid galvanizing alloy,
and low level additions can change surface tension significantly. Krepski (72) highlighted
another important aspect of surface relief as the grooving that is sometimes observed at
the boundaries between spangles. This phenomenon relates to the manner in which the
coating solidifies, and is strongly affected by alloying elements that are rejected from the
solidifying metal. Krepski also noted that additions can sometimes cause discolouration
of the coating surface due to the formation of different oxide layers.

4 .0 .2

Mechanical Properties

Coating ductility can be defined as the capacity of the coating to resist cracking during
deformation. Such composition dependant phenomena as solid solution strengthening
and precipitation hardening will limit the total elongation that the coating can withstand
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before fracture, and thus will affect formability. A brittle grain-boundary phase will
decrease ductility by promoting premature cracking. The presence of a two-phase
microstructure, such as that of a eutectic, will also influence ductility in terms of the
mechanism of cracking, but this mechanism is complex. Even more complex is the case
of ZINCALUME, in which a dendritic matrix is combined with an interdendritic eutectic.

4 .0 .3

Corrosion Properties

Galvanized coatings act as a protective barrier to steel in two ways; as a physical
separation between the steel and a corrosive atmosphere, and as a sacrificial anode to
protect steel exposed to a corrosive atmosphere. Both of these effects are influenced by
the coating composition.

The corrosion product is dependant on the environment, and this has a major effect on the
life of the coating. For example, the life of zinc coatings has been shown to be shorter in
industrial environments, where the precipitation tends to be acidic (76). Another example
is the higher corrosion rate of ZINCALUME in marine environments, where the presence
of chloride ions hinders the passivation of aluminium-rich phase by corrosion products
(33). Although corrosion will occur where there is an anode, a cathode, an electrolyte and
the transfer of charge, the nature of the corrosion product is often crucial in determining
the rate of corrosion. Corrosion product layers that are continuous, cohesive and adherent
will maximize the life of the coating, and additions may have an important influence on
the characteristics of the corrosion layer. Minor additions can also affect the properties of
the corrosion layer on an atomic scale, influencing effectiveness as a barrier to mass
transfer by diffusion, or charge transfer by current flow.
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Magnesium

Z inc-M agnesium and A lum inium -M agnesium B inary Alloys

The binary phase diagram for the Mg-Zn alloy system (77) is shown in Fig. 4.1. At the
zinc-rich end of the system, it is evident that three phases exist; primary zinc (with
magnesium in solid solution), MgZm and Mg2 Znn- The solid solubility of magnesium
in zinc is approximately 0.16-0.17wt% at 364°C (approximately the eutectic
temperature), decreasing to approximately 0.008wt% at 200°C (78). MgZn2 is hexagonal
with the composition of 84.3%Zn, and Mg2 Z n n is cubic with the composition of
93.7%Zn (77).
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Fig. 4.1 ; The Mg-Zn binary phase diagram (After Hansen (77)).
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The binary phase diagram for the Al-Mg system (80) is shown in Fig. 4.2. At the
aluminium-rich end, a simple eutectic predominates between the primary aluminium (or
the alpha-phase) and the MgsAls phase. The solubility of magnesium in aluminium is
approximately 8% at 570°C, increasing to 17.4% at the eutectic temperature of 450°C,
and decreasing again to approximately 11.5% at 380°C, which approximates to the
temperature for eutectic solidification in the ZINCALUME system. The Mg5 Als phase
has the composition of approximately 40%A1 and a complex face-centred cubic structure.
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Fig. 4.2 ; The Al-Mg binary phase diagram (After Mondolfo(80)).
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With respect to the mechanical properties of Al-Mg alloys, it has been shown that
hardness and strength increase and ductility decreases with increasing magnesium
content. This is shown schematically in Fig. 4.3 (81). The tendency for magnesium to
segregate to grain boundaries and sub-boundaries has also been reported (82).

Fig. 4.3 ; Mechanical properties o f aluminium-magnesium alloys as a function of magnesium
content, where ; Hv = Vickers hardness, UTS = ultimate tensile strength, YS = yield strength, H = coldworked and O = annealed (After Mondolfo(81)).
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Mondolfo has also summarized the effects of magnesium additions on the corrosion
behaviour of aluminium (81). The electrochemical potential, as measured against a
calumel electrode in a NaCl-H202 solution, is lowered from -0.86V for pure aluminium
to -0.90V for a 4%Mg alloy. MgsAls has a potential of -1.10V. It is noted that the
specific volume of the oxide film on Al-Mg alloys is greater than that on aluminium and
this produces an impervious layer, especially when it absorbs water and transforms to
hydroxide. Therefore, Al-Mg alloys have a better corrosion resistance than pure
aluminium, especially in seawater and marine atmospheres.

4 .1 .2

Effect on Zn-Al Galvanizing Alloys

Magnesium has been considered as an alloying addition to a range of galvanizing alloys,
from the low solute zinc systems to the high aluminium (approximately 60%A1) Zn-Al
coatings. The greater part of the literature relates to studies of the effects on corrosion
properties, with little reference to the underlying microstructural change and the effect on
mechanical properties.

4.1.2.1

Microstructure

Roberts (83) considered various additions to Zn-4%A1 alloys and suggested that
magnesium interacts with aluminium in the zinc solid solution to inhibit diffusion of
aluminium to grain boundaries. Sievert et al (84) described a Zn-Mg eutectic alloy and
claimed improved corrosion resistance and surface appearance (provided a non-oxidizing
atmosphere was used as the coating was solidifying and the coating was rapidly cooled).

At the aluminium concentration of 5% in Zn-Al alloys, the structure is completely
eutectic. In work on this system, Tajiri et al (85) showed that the structure consisted of a
very fine eutectic. However, with magnesium additions, the structure appeared to consist
of grains of primary zinc-rich phase as well as the Al-Zn eutectic phases. With increasing
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magnesium content, the zinc-rich grains were more coarse and, at levels above 0.5%,
individual grains contacted each other to form a continuous zinc-rich matrix throughout
the coating. Lamberigts et al (86) confirmed these findings, noting that even low level
magnesium additions transformed the lamellar eutectic into a structure with primary zincrich grains, the volume fraction of which changed with magnesium content. At
concentrations of approximately 0.2%, Lamberigts et al suggested that the structure
consisted of a mixture of zinc-rich primary particles and individual, or partly connected,
aluminium and magnesium enriched pseudo-eutectic patches, surrounded by an
apparently continuous zinc-rich phase. At magnesium levels greater than 0.4% the
structure consisted of more clearly defined zinc-rich particles of various sizes surrounded
by the same, interconnected, pseudo-eutectic patches. It was concluded that magnesium
tended to shift the eutectic composition of the Zn-Al system towards higher aluminium
contents which, at 4.6%A1, resulted in a hypo-eutectic microstructure.

Memmi (87) conducted an investigation on a galvanizing alloy with 30%A1 and various
magnesium additions and claimed that magnesium stabilized the coatings against
intergranular attack by segregating at the grain boundaries. In an extension of this work,
Memmi (88) highlighted a "critical" magnesium content of 0.5% at which the alloy was
stabilized by magnesium segregation to the interdendritic regions.

Memmi (89) has also conducted studies on a Zn-58%Al-3%Si alloy, with various
magnesium additions, and found magnesium enrichment at the steel/coating interface.
This was accounted for by noting the ease with which magnesium formed stable
compounds with silicon, which is concentrated in this interfacial zone. However, it was
not clear whether Memmi was referring to magnesium enrichment in the intermetallic
alloy layer or magnesium present in the form of Mg2Si intermetallic phase growing from
the alloy layer.
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Berke and Townsend (90) proposed a coating based on the Al-Zn-Mg-Si quaternary
system, with 3-20% magnesium, 3-15% silicon and an aluminiurmzinc ratio of between 1
and 1.5. These coatings were shown to contain phases discrete from the aluminium-rich
dendrites and the zinc-rich interdendritic regions. These phases consisted of intermetallic
phases of zinc, aluminium, magnesium and silicon. Two of the most dominant phases
were found to be Mg 2Si and MgZn 2- Another significant observation was the smaller
Dendrite Arm Spacing (see Section 3.4.3) in the coatings containing magnesium.

4.1.2.2

Mechanical Properties

Krepski (72) noted that, in the absence of aluminium, additions of magnesium to
galvanizing alloys generally lead to inferior ductility and Sievert et al (91) have noted
problems in ductility of coatings with up to l%Mg.

With respect to the effect of magnesium additions on the ductility of the eutectic Zn-5%A1
coatings, Lamberigts et al (86) noted that the ductility of the coating was drastically
reduced by magnesium additions of above 0.2%, although slow-cooled specimens
seemed to be less affected than fast-cooled.

In his work on Zn-24.6%Al-l%Mg coatings, Memmi (88) claimed that combined
additions of magnesium and silicon resulted in coatings with high plasticity, as well as
high corrosion resistance. It was also proposed to limit silicon levels to less than 0.5% to
ensure inhibition of Al-Fe intermetallic growth and adhesion of the overlay to the base,
while greatly reducing the onset of microcracks in the coating when subjected to
mechanical bending stresses. Another benefit of these changes was a dramatic reduction
of mixed oxide (Mg,Al and Zn) dross, permitting further improvement in coating surface
quality and increased liquid alloy yields.

-58-

4.1.2.3

Corrosion Properties

Berke and Townsend (90) noted that although zinc alone provides substantial protection
against corrosion, corrosion resistance to both sulphide and chloride enriched
environments can be improved with minor additions of other metals to the molten zinc.
Examples included various additions of magnesium, aluminium and silicon, either
exclusively, or in combination, as outlined in Section 4.1.2.1.

Roberts (83) reported that the intergranular corrosion commonly associated with Zn-Al
alloys was alleviated by the addition of magnesium. This result was confirmed by Roe
(92), who showed that the intergranular corrosion of a 0.2%A1 galvanized coating was
significantly reduced by the addition of 0.04%Mg.

According to Kucera and Mattsson (93), the atmospheric corrosion resistance of zinc
coatings was improved two to five times with increasing magnesium concentration in the
range 0.2-7%. The work of Townsend (94) on galvanized coatings showed no
significant improvement in atmospheric corrosion resistance with magnesium additions of
0.04%. However, the effect of magnesium additions between 0.04-0.2% is not known.

According to Lamberigts et al (86), additions of magnesium to Zn-5%A1 coatings
substantially improved corrosion performance both in salt spray and wet corrosion tests.
The benefit of magnesium additions remained very limited below 0.2%, but increased
markedly above this level.

In a similar study on the effects of magnesium addition on corrosion resistance of Zn5%A1 coatings, Tajiri et al (85) concluded that with increased magnesium content, the salt
spray corrosion resistance was improved. Coatings with a magnesium content of 0.5%
were composed of an zinc-rich matrix with very fine eutectic phases and were
characterized by excellent corrosion resistance.
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The work of Memmi (87) on Zn-Al coatings with 30%A1 has shown that the presence of
magnesium, which reduced the rate of intergranular corrosion, resulted in the capability
of similar coating performance to that of ZINCALUME (Zn-55%Al-1.6%Si), yet with a
marked reduction in aluminium and silicon contents. It was evident that the Zn-30%A10.2% M g-0.2%Si coating was most corrosion resistant in chloride (marine)
environments. In salt spray tests, the Zn-Al-Mg-Si coating was claimed to have a
corrosion rate of less than half that of ZINCALUME. This was attributed to the
magnesium, which formed compact oxy-chlorides that retarded the progress of
intergranular corrosion. The importance of these oxy-chlorides was highlighted by the
performance in a simulated industrial atmosphere. The corrosion rate of the Zn-Al-Mg-Si
coating was higher than that of ZINCALUME, apparently due to the abscence of the oxy
chloride corrosion products.. It was evident that corrosion rate was inversely related to
the aluminium content, and the abscence of compact corrosion products to insulate the
coating from corrosion was clearly illustrated.

Studies on a Zn-24.6%Al-l%Mg coating by Memmi (87) demonstrated the stabilizing
effect of magnesium on the grain boundaries. In salt spray tests, it was shown that
coatings containing magnesium always performed better than those not containing
magnesium. Memmi concluded that magnesium segregated at the grain boundaries and
stabilized the coating against intergranular attack. Also, it was suggested that Zn-Al-Mg
alloys offer obvious technological advantages over higher aluminium coatings (such as
ZINCALUME) in terms of the lower melting point and decreased sensitivity to the rate of
cooling. These advantages were directly attributed to the stabilizing effect of magnesium.
In an extension of this work, Memmi (88) claimed that the simultaneous addition of very
low quantities of magnesium and silicon to Zn-Al alloys improved both corrosion
resistance and plasticity. It was found that there was a "critical” amount of magnesium
(0.5%) which stabilized the coating with respect to corrosion resistance. If this value was
exceeded, the effect was cathodic overprotection of the steel base with rapid consumption
of the coating in galvanic couples. According to Memmi (88), the improvements due to
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magnesium and silicon found at 20-35%Al were not linked to the presence of specific
quantities of aluminium, since they retained these improvements even in aluminium-rich
alloys with up to 70%Al.

As a result of work on a Zn-58%Al-3%Si alloy with magnesium additions, Memmi (89)
found that magnesium was indeed also beneficial to corrosion resistance in the salt spray
test. In their work on a high aluminium, high magnesium alloy (90), described earlier in
Section 4.1.2.1, Berke and Townsend noted significant improvement in salt spray
corrosion resistance and suggested two possible factors contributing to this effect. First,
the smaller dendrite arm spacing in the coatings with magnesium additions were
considered to provide a more circuitous network of interdendritic regions, resulting in an
increase in the likelihood of blocking the corrosion path with compact corrosion
products. The second factor was the formation, within the coating, of magnesium bearing
phases such as Mg2Si which acted in some way as barriers to continued corrosion.

4 .1 .3

Predicted Effects on ZINCALUME

In this section, the potential effects of magnesium additions to the ZINCALUME coating
system (Zn-55%Al-1.6%Si) are considered in terms of the four major structural
components of this system: the intermetal lie alloy layer, the aluminium-rich dendrite
matrix, the zinc-rich eutectic and the silicon-rich particles. In some cases, the equilibrium
phase diagrams are used to explain possible structural modifications, though it should be
noted that the present system does not solidify under equilibrium conditions and is often
more complex than the systems that these diagrams describe. The proposals for the "most
likely" structural modifications are therefore merely intended as suggestions of the most
likely segregative tendencies of the magnesium additions. Subsequent effects on
mechanical behaviour and corrosion properties are discussed where appropriate.
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The first structural component of the ZINCALUME system to be considered is the
intermetallic alloy layer, which is based primarily on Al-Fe-Si phases. Mondolfo (95) has
considered the Al-Fe-Mg-Si system and noted that there exists a quaternary compound,
with the formula FeMg 3Si 6Alg. This phase has an approximate composition of Al10.9%Fe-14.1%Mg-32.9%Si and is hexagonal in structure. It therefore seems possible
that magnesium might be incorporated into the intermetallic alloy layer in a form based on
the FeMgsSieAlg compound.

It has been established that magnesium has a high solubility in aluminium (65) and,
therefore, it seems reasonable to assume that magnesium would be entrapped within the
aluminium-rich dendrites on solidification, either in solution or in the form of precipitated
phases. Due to the high level of zinc in the aluminium-rich dendrites in the ZINCALUME
alloy, there are several possibilities for precipitation of phases in the Al-Mg-Zn system
which should be considered. The isothermal section through the Al-Mg-Zn equilibrium
phase diagram at 230°C, shown in Fig. 4.4 (96), highlights these possibilities.
However, Mondolfo suggests that in alloys with a Mg:Zn ratio of less than 1:10, as is the
case for ZINCALUME, the most likely precipitate to form within the aluminium-rich
matrix is the Mg2Znu phase (97).

Due to the presence of silicon in ZINCALUME, another series of precipitation reactions
is possible relating to the Al-Mg-Si system. Fig. 4.5(a) shows an isothermal section
through the aluminium-rich corner of the Al-Mg Si equilibrium phase diagram outlining
the phase distribution in the solid (98), and Fig. 4.5(b) shows a table of the invariant
reactions in the aluminium-rich end of the same system (99).
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Fig. 4.4 ; Isothermal section through the Al-Zn side of the AI-Mg-Zn equilibrium phase diagram at

230°C (After Mondolfo (96)).
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According to Mondolfo (99), the compound Mg2Si is in equilibrium with aluminium, and
there is a quasi-binary line, Al-Mg 2Si , at the Mg:Si ratio of 1.73. The Mg5Alg, Mg2Si
and Si phases can be expected to have approximately the stoichiometric composition. The
M g 2Si phase has the composition 63.2%Mg-36.8%Si and a cubic structure, with a
melting point of 1087°C. When in solid solution in aluminium, magnesium and silicon
atoms tend to cluster together to form very small regions of Mg 2Si. The solid solubility
of Mg2Si in aluminium is reduced slightly by silicon in excess of the Mg:Si ratio of 1.73,
but an excess of magnesium greatly reduces the solubility. The subsequent precipitation
of Mg2Si causes dispersion hardening of the aluminium matrix.

The electrochemical potential of aluminium is not changed appreciably by the presence of
Mg2Si, either as a solute or precipitating phase, and therefore the corrosion resistance of
Al-Mg-Si alloys with the correct Mg:Si ratio is comparable to Al-Si alloys. Excess
magnesium does not affect corrosion resistance significantly, but excess silicon may
cause the depleted matrix to be more electronegative with increased susceptibility to
intergranular and stress corrosion (100).

With respect to the Al-Mg-Si-Zn quaternary system, Mondolfo (101) noted that no
quaternary compound is formed and that Mg2Si exists over most of the fields. In the case
of commercial Al-Zn alloys, magnesium additions tend to form Mg2Si, with excess
magnesium remaining in solid solution (102). In cases of extreme segregation, the
compound Mg2Z nn may also appear. It is therefore to be expected that this precipitation
within the aluminium-rich phase might result in an increase in the dendrite hardness.

Predicting the effects of magnesium additions on the structure of the zinc-rich eutectic in
ZINCALUME is more difficult, due to the inherent complexity of the eutectic regions.
For this reason, it is not considered worthwhile to investigate in depth the possibilities of
structural modification to the eutectic with reference to equilibrium phase diagrams. It is
also difficult to predict the amount of magnesium available for the eutectic reaction due to
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the possibility of magnesium being incorporated into phases such as the intermetallic
alloy layer and the aluminium-rich dendrites. With reference to the reactions in the AlMg-Zn system proposed by Mondolfo (103), it would seem that the phases most likely to
exist in the eutectic would be zinc-rich solid solution, ZnAl (which may decompose to
aluminium and zinc solid solutions), Mg 2S in and perhaps MgZn 2- Of course, with
silicon present in the form of Mg 2Si rejected by the aluminium dendrite solidification
front, the eutectic may become even more complex. As mentioned in Section 4.1.2.1, it
was noted by Lamberigts et al ( 86) that magnesium additions tended to shift the
composition of the Zn-Al eutectic toward higher aluminium contents, and Memmi (87,88)
has discussed the effect of magnesium in terms of the stabilization of the coating by
segregation of magnesium to the interdendritic eutectic regions. A marked improvement
in the resistance to salt spray was attributed to this segregation of magnesium and the
formation of compact oxy-chlorides which insulated the underlying eutectic regions from
further corrosion. It has also been noted that due to the coring associated with
nonequilibrium freezing of Al-Zn-Mg alloys, eutectics tended to appear in alloys that
were complete solutions under conditions of equilibrium freezing (104). These eutectics
were usually divorced (105).

The fourth major structural component in ZINCALUME coatings is the silicon-rich
phase, which may exist as large particles growing from the intermetallic alloy layer or as
"free" particles in the dendritic matrix, as discussed in Chapter 3. Mondolfo (100) noted
that Mg2Si exists over most of the fields in the Al-Mg-Si-Zn system. It therefore seems
reasonable to suggest that silicon might combine with magnesium to form large Mg2Si
particles in the coating in much the same way as silicon does in the unmodified
ZINCALUME system. Indeed, Berke and Townsend (89) noted the existence of Mg2Si
in a form discrete from the aluminium-rich dendrites and the zinc-rich interdendritic
regions in an Al-Zn-Si-Mg alloy.

-65-

In summary, it therefore appears there are several possibilities for the most likely
mechanisms by which magnesium is incorporated into the ZINCALUME coating. These
will be outlined in terms of the chronology of the galvanizing process, from the time the
steel is submerged in the liquid alloy to the time the coating has completely solidified.
First, there is a distinct possibility that magnesium might form a quaternary compound,
based on FeMg 3Si6Al8 » on the existing alloy layer in the liquid alloy. This new layer
might continue to grow in the liquid alloy, and while the coating is solidifying, resulting
in the incorporation of magnesium into the alloy layer. If this were to occur, it is difficult
to predict how this might alter the surface topography of the alloy layer, or the mechanical
and corrosion properties.

As the aluminium dendrites nucleate and continue to grow, it is highly likely that a certain
amount of magnesium would be entrapped within the aluminium-rich phase as
precipitates of Mg 2Si. Any magnesium (or associated phases) in excess of the solubility
in the aluminium-rich phase is pushed ahead of the solidification front, ending up in the
zinc-rich interdendritic regions. It has been shown that magnesium additions to Zn-Al
eutectics appear to shift the eutectic composition toward higher aluminium contents (85),
so it is to be expected that the magnesium rejected into the eutectic on solidification might
have a similar effect on the eutectic in ZINCALUME. There is also a high probability that
magnesium-bearing phases might form within the eutectic regions.

Finally, there is the strong possibility that magnesium might combine with silicon to form
large particles of Mg 2Si, either growing from the intermetallic alloy layer in the early
stage of solidification, or as "free" particles entrapped within the interdendritic regions.

With respect to the influence of these likely structural changes on the mechanical
properties o f the ZINCALUME coatings, the most likely effects would be due to
hardening of the aluminium-rich dendrites, changes to the surface topography of the
intermetallic alloy layer and the size and morphology of the silicon rich parucles. As the
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effect on the alloy layer and the silicon-rich particles is difficult to predict, this discussion
concentrates only on the possible hardening of the aluminium dendrites by magnesium
additions. As shown above, it is expected that magnesium is incorporated into the
aluminium-rich matrix as precipitates, and this should cause an increase in dendrite
hardness. The possibility of Mg2Z nn precipitation, which might add to the hardening
effect, should also be considered.

The evidence of salt spray corrosion performance of Zn-Al alloys with magnesium
additions seems clearly to suggest that magnesium additions are beneficial. It is suggested
that a similar result would be found during the testing of unpainted ZINCALUME
surfaces in the present work, where compact corrosion products should form in the zincrich interdendritic regions, reducing the rate of depletion of the eutectic and thereby
extending the useful protective life of the coating. A similar improvement is expected in
the performance of unpainted coatings subjected to the outdoor exposure test. In the case
of testing for edge undercutting on painted ZINCALUME samples, improvement should
be evident both in the salt spray test and in outdoor exposure, since the compact
corrosion products should retard depletion of zinc-rich regions in the vicinity of the cut
edge. However, it is not clear whether the decrease in corrosion rate of the zinc-rich
regions would render the coating unable to provide sufficient galvanic protection of the
exposed steel at the cut edge, thus preventing the steel from rusting.
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4.2

Calcium

4 .2 .1

Z inc-C alcium an d A lum inium -C alcium B inary Alloys

The binary phase diagram for the Zn-Ca alloy system (106) is shown in Fig. 4.6. At the
zinc-rich end of the system, three phases exist; CaZn2 (76.53%Zn), CaZns (89.08%Zn)
and CaZnn (95.5%Zn) (107). According to Nowotny (108), solid zinc does not dissolve
calcium. The CaZns phase has a hexagonal structure (107), while the CaZnn phase is
cubic (109).
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Fig. 4.6 : The Zn-Ca binary phase diagram (After Hansen(106)).
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The binary phase diagram for the Al-Ca alloy system is shown in Fig. 4.7 (110). At the
aluminium-rich end there is a eutectic, Al-CaAl4, at 7.6%Ca and 627°C. CaAl4 forms by
peritectic reaction from CaAl2 at 697°C. The solid solubility of calcium in aluminium at
the eutectic is approximately 0.01%, or less (111), though other workers (112) have
suggested higher solubilites, in the order of 0.6%Ca at 627°C and 0.3%Ca at "room
temperature". The CaAl4 phase has a body-centred tetragonal structure. It has been noted
that the surface tension of liquid aluminium is reduced appreciably by calcium additions.
l%Ca produces a decrease in the order of 50% (113).There is conflicting evidence on the
effect of calcium on the mechanical properties of aluminium, with reports of both
increases (114) and decreases (115) in the strength. With respect to corrosion resistance,
it has been reported that addition of 0.01%Ca does not appreciably affect the grain
boundary corrosion of high purity aluminium (116), but addition above 0.15%Ca
decidedly reduced corrosion resistance (117).

At.% Ca

Fig. 4.7 : The Al-Ca binary phase diagram (After Mondolfo(l 10)).
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4 .2 .2

Effect on Zn-AI Galvanizing Alloys

Sebisty (118) reported that calcium additions had no effect on the reaction between the
iron base and the zinc galvanizing alloy. However, there was no comment made on the
effect of calcium on the zinc coating in this work. The author has been unable to find any
further literature on the effects of calcium additions in galvanizing.

4 .2 .3

Predicted Effects on ZINCALUME

It has been established that the structure of the intermetallic alloy layer is based on phases
described in the Al-Fe-Si alloy system. With respect to the affinity of calcium for these
elements, there is no literature available on the Al-Fe-Ca-Si system. However, there has
been work done on the Al-Ca-Fe system (119) which shows that several ternary
compounds are exist. However, only FeAl3 and CaAU can be in equilibrium with
aluminium. It therefore seems unlikely that calcium additions would be incorporated into
the growing alloy layer as part of the quaternary intermetallic phases.

There are conflicting reports concerning the solubility of calcium in aluminium (see
Section 4.2.1). However, it does not appear to be very high, most probably in the range
of 0.01-0.6% at the eutectic temperature of 627°C. This low solubility may be
responsible for the reduction in grain boundary corrosion resistance observed at additions
of 0.15%Ca to aluminium, since the calcium segregates to the grain boundaries (117).
The precipitation of CaAU, and the associated hardening of the aluminium matrix, is also
possible, though the extent of this effect remains unclear. In the case of ZINCALUME,
there is a large amount of solute zinc, and zinc-bearing precipitate phases present within
the aluminium-rich dendrites. Therefore, the possibility of calcium combining with zinc
to form precipitates, such as CaZn2, CaZns or CaZnn, should also be noted.
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There is no information available on the Al-Zn-Ca ternary system, and so it is difficult to
predict in what way calcium additions might influence the structure of the zinc-rich
eutectic. It seems reasonable to assume that there would be considerable amounts of
calcium available in these interdendritic regions, since the relatively low solubility of
calcium in aluminium would tend to result in the addition being rejected ahead of the
solidification interface. However, it is difficult to predict how the calcium would affect
the eutectic structure.

The final possibility to be considered is that calcium might combine with silicon to form
distinct phase particles in the coating. It has been noted that calcium additions reduce the
solubility of silicon in aluminium (120) and, in commercial aluminium alloys, calcium
additions are used to decrease electrical resistivity by removing silicon in solution (121).
Figure 4.8 shows the aluminium-rich comer of the Al-Ca-Si equilibrium phase diagram
(122).

Fig. 4.8 : The aluminium-rich comer of the Al-Ca-Si equilibrium phase diagram, where; heavy lines

represent the liquidus, boxed symbols are primary phases and light lines show phase distribution at
537°C. (After Mondolfo(122))
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The calcium-silicon phase in aluminium-rich alloys was found to be CaSi2Al2 (123),
though it was previously reported as CaSi2 (120). CaSi2Al2 is hexagonal while CaSi2
was found to be rhombohedral. Two ternary eutectics are evident;

liquid ------>

(Al)ss + CaAU + CaSi2Al2 ,

at approximately 7.8%Ca and 0.8-l.l% Si at 622°C, and

liquid

------ >

(Al)ss + CaSi2Al2 + (Si)$s ,

at approximately 0.9-1.0%Ca and 11.5-14%Si at 587°C (124). In the solid, aluminium is
in equilibrium with CaSi2Al2, and CaAl4 or Si, on either side of the quasi-binary eutectic
line. The eutectic, Al-CaAl4-CaSi2Al2 is anomolous with CaAL* and CaSi2Al2 crystals in
an aluminium matrix (125). With respect to the effect of calcium additions on the
mechanical behaviour of Al-Si alloys, it has been shown that a small increase in hardness
results from a calcium addition of <0.05% (121).

The most likely mechanisms by which calcium additions might be incorporated into the
ZINCALUME coating are as follows. First, it does not appear likely that the calcium
addition will be incorporated in the intermetallic alloy layer as it grows in the liquid alloy.
As the coating cools, it is possible that a certain amount of the calcium addition be
entrapped within the aluminium-rich dendrites, either as solute or as a component of
various aluminium, zinc and/or silicon bearing phases. However, it seems likely that
most of the calcium addition might be rejected ahead of the dendrite solidification front, to
end up in the zinc-rich interdendritic eutectic regions. The implications of this, in terms of
structural modification and effect on the mechanical and corrosion behaviour, are not
known. The affinity of calcium for silicon in aluminium alloys has been described (121),
and this would seem to suggest that the most likely microstructural effect of calcium on
ZINCALUME might be based on the formation of Ca-Si (or Ca-Si-Al) phases. If these
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silicon-bearing phases form prior to the dendritic solidification of the coating (See Section
3.2 for conflicting views on the solidification sequence), it is possible that the greater
bulk of the calcium additions might be incorporated in these phases. If this were to occur,
there might be little calcium left to affect the other microstructural features.

There has been little discussion on the effects of calcium on the mechanical and corrosion
behaviour of Al, Al-Zn and Al-Zn-Si alloys. It has been shown that minor calcium
additions (<0.05%Ca) to aluminium result in an increase in hardness and tensile strength.
Therefore, it seems reasonable to suggest that an increase in aluminium-rich dendrite
hardness might be observed with minor calcium additions to the ZINCALUME alloy. It
remains difficult to predict the effects of calcium additions on the salt spray and outdoor
corrosion resistance of ZINCALUME.
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4.3

4 .3 .1

-

Gallium

Z inc-G allium an d A lum inium -G allium B inary Alloys

The binary phase diagram for the Ga-Zn alloy system (126) is shown in Fig. 4.9. A
simple eutectic predominates, at approximately 95%Ga and 25°C. According to Hansen
(126), the solubilities were not investigated. However, the solubility of gallium in zinc
must be very small, since an alloy with 0.5%Ga cannot be hot-rolled because of the
emergence of liquid gallium (or a gallium-rich eutectic) along grain boundaries (127).
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Fig. 4.9 : The Zn-Ga binary phase diagram (After Hansen(126)).
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The binary phase diagram for the Al-Ga system is shown in Fig. 4.10 (128). A simple
eutectic predominates, at 98%Ga and 26.5°C (129). The solid solubility of gallium in
aluminium is in the order of 15-20%Ga at the eutectic, though Jenckel (130) suggests a
lower solubility of approximately 13%Ga at the eutectic temperature. Non-equilibrium
conditions resulting from rapid cooling increase the solubility up to approximately
75%Ga and introduce metastable phases (131). Additions of a few percent gallium have
been shown to harden and strengthen aluminium (132) but adversely affect corrosion
resistance (133).

At.9o Ga

Fig. 4.10 : The Al-Ga binary equilibrium phase diagram (After Mondolfo(128)).
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4 .3 .2

Effect on Zn-AI Galvanizing Alloys

The author has been unable to find any reference to the effects of gallium additions on
galvanizing alloys. Therefore, the prediction of the effects on the ZINCALUME coating
system are based purely on reference to the simpler component binary and ternary
sytems. Even though this is not considered to be a reliable guide to the intricacies of
microstructural modification, it is hoped that it might provide valuable insight into
tendencies for gallium segregation to the main microstructural features.

4 .3 .3

Predicted Effects on ZINCALUME

With respect to the possibility of gallium modification of the intermetallic alloy layer, the
author has been unable to find reference to the Al-Fe-Si-Ga system in which possible
quaternary phases might be identified. Similarly, there appears to be no information
available on the Al-Fe-Ga ternary system. There has been reference to the Al-Si-Ga
ternary system (134), and it was noted that there was no ternary compound. The most
probable reaction was the ternary eutectic,

liquid ----->

(Al)ss + (Ga)ss + (Si)ss,

occurring very close to the melting point of pure gallium. From this work, it does not
appear likely that gallium would be incorporated into the quaternary alloy layer.

Gallium has been shown to have a very high solubility in aluminium (130), which
increases dramatically with rapid cooling (131). Therefore, it seems reasonable to assume
that a greater proportion of the minor additions in the present work might be entrapped
within the aluminium-rich dendrites as solute.
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Because of the high solubility of gallium in aluminium, additions are less likely to be
rejected ahead of the dendrite solidification interface, and into the zinc-rich interdendritic
regions. However, if gallium was to exist in these regions, then it is likely that the
additions would be incorporated in the aluminium-rich phases within the eutectic.

There is no ternary compound formed in the Al-Si-Ga system and it has been shown that,
in the Ga-Si binary sytem, no binary compound exists. There is only a simple eutectic in
the Ga-Si system, which almost coincides with the melting point for pure gallium.
Therefore, it seems unlikely that gallium will combine with silicon to form Ga-Si phases
in the coating.

Therefore, it is clear that the most significant effects of gallium on the microstructure will
result as a consequence of the high solubility of gallium in aluminium, especially at
accelerated cooling rates. It does not appear likely that the additions will be incorporated
into the growing intermetallic alloy layer, or the silicon-rich phase in the coating. It
appears most likely that the gallium will be incorporated into the growing aluminium-rich
dendrites, with the possibility of gallium also existing in the interdendritic eutectic.
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4.4

4 .4 .1

Copper

Z inc-C opper and A lum inium -C opper B inary Alloys

The binary phase diagram for the Zn-Cu alloy system (135) is shown in Figure 4.11. At
the zinc-rich end of the system, a peritectic reaction predominates;

E

+ Liquid

------ >

(Zn)s s ,

at approximately 424°C. The E-phase is hexagonal close-packed in structure, and the
solubility of copper in zinc solid solution was given as approximately 0.3% at 100°C,
0.9% at 200°C, 1.65% at 300°C, 2.5% at 400°C and 2.7% at 424°C (136).
WEIGHT PER CENT ZINC

Fig. 4.11 : The Zn-Cu binary phase diagram (After Hansen(135)).
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The aluminium end of the binary phase diagram for the Al-Cu alloy system is shown in
Fig. 4.12 (137). At the aluminium-rich end, a eutectic exists;

Liquid ------ >

(Al)ss + C uA12 ,

at 547°C and 33.2%Cu. It should be noted that clusters of C uA12 have been shown to
exist in the liquid (138). The solid solubility of copper in aluminium at 577°C (the
approximate temperature of first solidification in the ZINCALUME system) is
approximately 4%. This increases to 5.7% at the eutectic temperature, and decreases to
approximately 1.1% at 377°C. The C uA12 phase has the composition of between 52.553.9%Cu (139,140) and has a tetragonal structure.

A t.% C u

Fig. 4.12 : The aluminium-rich end of the Al-Cu binary phase diagram (After Mondolfo(137)).
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As the copper content increases, there is a continuous increase in the hardness. However,
the strength and ductility depend on whether the copper is in solid solution, distributed
evenly as spheroidized particles, or as a continuous network at the grain boundaries
(141). Dissolved copper results in the highest increase in strength without sacrificing
ductility. If the copper is distributed at the grain boundaries, the resulting brittleness leads
to a decrease in measurable strength.

Copper additions increase the electronegativity of aluminium, as measured against a
calumel electrode in a NaCl-H202 solution (142). The corrosion rate of aluminium is
accordingly increased. A copper addition of 3% has been shown to increase the weight
loss of 99%A1 by two to three times (143) and an addition of 0.1% has been shown to
increase weight loss of 99.998%A1 by two thousand times (144). Copper in solid
solution has less effect than if present as Q 1AI2 (145). Cast alloys with cored dendrites,
and Q 1AI2 in the interdendritic regions, have poor corrosion resistance (146).

4 .4 .2

Effect on Zn-Al Galvanizing Alloys

Krepski (147) claimed that the most significant effect of copper in galvanizing alloys was
on the formation of intermetallic phases. For copper contents greater than 1%, prolonged
immersion in the liquid alloy resulted in the break-up of the stable Fe-Zn intermetallic
layer and accelerated intermetallic growth. Copper also appeared to counteract the
inhibiting effect o f aluminium on intermetallic alloy layer growth, and the result was
increased coating weight and poor mechanical properties.

4.4.2.1

Microstructure

Bablik et al (148) observed that the original, continuous alloy layer in Zn and Zn0.05%A1 alloys tended to be broken-up by a "new phase", forming discontinuously
within the intermetallic layer. Bablik et al contributed this effect to ternary phase reactions
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involving copper. Radeker (149) found that, with zinc coatings containing copper,
increased amounts of aluminium were required to control the intermetallic alloy layer
growth, and Nell (150) observed an increase in coating mass with increased copper
concentration.

Memmi and Giardetti (151) conducted studies on a range of Zn-Al galvanizing alloys,
with aluminium content ranging from 20% to 60%, and noted that copper added in small
quantities (~1%) formed a solid solution with the matrix of the coating. However, added
in larger quantities (>2%), copper resulted in an increase in the quantity of copper
bearing inclusions. Unfortunately, there was no attempt to identify these inclusions. The
addition of copper did not appear to affect the morphology of the surface, which was
very similar to that of the coatings without copper additions.

4.4.2.2

Mechanical Properties

The increase in intermetallic alloy layer growth has a detrimental effect on the coating
ductility and adherence of galvanized coatings (149,152). These effects can be countered
by the addition of 0.2%Al, though it should be noted that Ponikvar (153) suggested that
as little as 0.5%Cu can lead to high brittleness and poor formability in Zn-5%A1 coatings.
There is no information available referring to the effect of copper additions on the
mechanical properties of high aluminium Zn-Al galvanized coatings, such as
ZINCALUME

4.4.2.3

Corrosion Properties

Many workers have reported increased corrosion resistance with increased copper content
in galvanizing alloys. Gilbert (154) found that the Zn-2%Cu alloy showed 20% less
weight loss than pure zinc after exposure to industrial and urban atmospheres. Similarly,
Radeker (89) reported a 50% less weight loss for a Zn-0.82%Cu alloy when compared to
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that of "pure" zinc. Roberts (155) studied the effects of copper additions on zinc coatings
and found that 0.3%Cu made both the grain boundaries and the interiors more cathodic
than "pure" zinc. Roberts proposed that this resulted in a decreased driving force for
corrosion, similar to the "stabilizing" effect discussed in Section 4.1.2.3. Beyond the
copper content of 0.82%, however, it has been suggested that corrosion resistance
decreases (that is, it is inferior to that of "pure" zinc) (156).

Roberts (155) also discusses the beneficial effect of copper on reducing intergranular
corrosion resistance in cast Zn-Al alloys. Similarly, Knauschner (157) claimed improved
corrosion resistance for Zn-Al alloys with 0.3-0.6%Cu, and Roe (158) reported a
decrease in intergranular corrosion in 0.2% A1 coatings with the addition of 1.0%Cu.

Memmi and Giardetti (151) considered the salt spray corrosion resistance of 20-60%A1
galvanized coatings with copper additions of up to 2.7%. It was found that copper
additions result in a detrimental effect on salt spray resistance and this was attributed to
the presence of numerous copper-containing inclusions near the surface. It was proposed
that the depolarizing cathodic action of copper had the effect of accelerating corrosive
attack.

4 .4 .3

Predicted Effects on ZINCALUME

The intermetallic alloy layer is based primarily on Al-Fe-Si phases. Therefore,
consideration of the effect of copper on this system is beneficial in developing an
understanding of the likely effect on the intermetallic alloy layer. Mondolfo (159) has
described the Al-Cu-Fe-Si system and has noted that no quaternary phases are formed in
the aluminium-rich alloys (160). It is also noted that the solubility of copper in Al-Fe-Si
phases is probably less than 1%. It therefore seems unlikely that copper will form a new
quaternary compound with aluminium, iron and silicon, though it is possible that some
copper might be incorporated into the alloy layer as solute.
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It has been established that copper has a high solubility in aluminium at the solidification
temperature range of the aluminium-rich dendrites in the ZINCALUME alloy (137).
Therefore, it seems reasonable to suggest that copper will be retained as solute in the
solidifying dendrite, perhaps precipitating as CuAl2 as the temperature decreases (137).
However, the aluminium-rich dendrites in the ZINCALUME alloy have a high
concentration of zinc (approximately 30%), and so reactions in the Al-Cu-Zn system
should also be considered. Figure 4.13 is an isothermal section through the Al-Zn side of
the Al-Cu-Zn equilibrium phase diagram at 377°C (161). It is clear that the small amounts
of copper used in the present work (<1%) would not be sufficient to shift the
composition beyond the primary aluminium-rich phase field. At lower temperatures, the
Q 1AI2 precipitation might increase due to supersaturation of the matrix, but it does not
appear likely that new precipitating phases will occur.

According to Strawbridge (162), the solubility of copper in aluminium is increased by the
addition of zinc. It might therefore be suggested that the solubility of copper in the
aluminium-rich dendrites in ZINCALUME is greater than that given for aluminium in
section 4.4.1.

It is likely that some copper will be rejected ahead of the solidification interface, as is the
case for the other additions, and will therefore be detected in the zinc-rich interdendritic
eutectic regions. Given that the composition of the zinc-rich eutectic is approximately
75%Zn-25%Al, Fig. 4.13 shows that there are several possibilities for copper-bearing
phases to exist in equilibrium with the eutectic, including CuZns and the T-phase (or T phase). CuZns (78-87%Zn) has hexagonal close-packed structure and can dissolve up to
5%A1. The ternary T-phase has a range of composition given by 56-58%Cu and 1030%Zn (163). According to Mondolfo (164), two different structures were found for this
phase and were denoted the T and T' phases. However, no two phase field was
discovered and it was proposed that the structure of the ternary phase changes
continuously with the change of composition. The T-phase has a formula similar to
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Cu5 Zn 2 Al3 (60.1%Cu-24.7%Zn) and is cubic, while the T’-phase has a formula close to
Cu3ZnAl3 (56.7%Cu-19.2%Zn) and a structure close to that of body-centred cubic.

T'

T

Fig. 4.13 : The isothermal section through the Al-Zn side of the Al-Cu-Zn equilibrium phase diagram

at 377°C showing phase distribution in the solid (After Mondolfo (161)).

The final possibility for structural modification is that the copper will influence the
formation of the "free" silicon particles in the dendritic matrix. Mondolfo (165) has
considered the Al-Cu-Si system and noted that no ternary compound is formed. The
phases in equilibrium with aluminium are CuAl2 and silicon-rich solid solution. From
this it seems unlikely that copper additions will have any significant effect on the
formation of silicon panicles in the ZINCALUME coatings.

Summarizing the microstructural effects of copper on ZINCALUME, it seems most likely
that copper will be present as precipitates in the aluminium-rich dendrites and as new
phases in the zinc-rich eutectic. It seems unlikely that the copper additions will have
significant effect on the intermetallic alloy layer or the silicon particles in the coating.

With respect to the influence of these structural effects on the mechanical properties of
ZINCALUME, the most significant influences would be most likely due to the
precipitation of CuAh in the dendritic matrix and the introduction of new copper bearing
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phases in the zinc-rich eutectic. The precipitation of Q 1AI2 results in an increase in the
hardness of the aluminium-rich dendrites. The effect of the copper-bearing phases in the
eutectic is more difficult to predict, though Ponikvar (153) suggested that as little as
0.5 %Cu can lead to high brittleness and poor form ability in the completely eutectic Zn5%A1 coating.

There is conflicting evidence concerning the effect of copper additions on the corrosion
resistance of galvanized coatings. The evidence that shows copper is beneficial to
corrosion resistance relates specifically to zinc galvanizing alloys (154,155), with one
report suggesting that copper additions greater than 0.82% are detrimental (156). The
evidence showing the detrimental effects of copper additions on corrosion resistance
relates to Zn-Al coatings with between 20-60%Al (151). It is therefore proposed that the
effects of copper on the salt spray corrosion resistance of ZINCALUME will be
detrimental. A similar result should be noted in the outdoor exposure test. However,
there is too little evidence on which to predict the magnitude of this effect.
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5.0

MATERIALS AND PROCEDURES

This chapter provides a detailed description of the materials and experimental methods
involved in the production of the modified coatings in the present work. The first part of
the chapter is concerned with the preparation of the coatings in the laboratory including
initial trials to determine the suitability of various substrates and sample sizes, the
laboratory galvanizing process and the galvanizing alloy, and the pretreatment and
painting of the galvanized coatings. The second part of the chapter presents descriptions
of the various tests and equipment used in the evaluation of these coatings and discussion
of the limitations associated with interpretation of resulting data.

5.1

Sample Preparation

Samples were prepared for evaluation of microstructure and mechanical and corrosion
behaviour by hot-dipping sheet steel in a Zn-55%Al-1.6%Si-X alloy (where X is a minor
alloy addition). It should be noted that the most important aspect of coating preparation,
especially for those samples to be painted, was coating surface quality. A fundamental
requirement was that the samples be as flat as possible to allow even airjet stripping of
excess liquid coating after removal of the sample from the galvanizing alloy. A flat
sample with a smooth, defect-free and uniform coating was essential in ensuring the
application of a quality paint coating. The flatness requirement for the unpainted samples
was not as stringent as for the painted samples, but the other aspects of surface quality
(such as coating thickness and uniformity, and the presence of bare patches and dross
particles) were just as important.
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5.1.1

Base Steel for Laboratory Hot-Dip Galvanizing

The base material for the present work was commercially produced and chromate
passivated ZINCALUME in sheet form, with base thickness of 1.0 mm and coating mass
of 150 g/m2. The base steel was an aluminium-killed, fully recrystallized low alloy steel.
The sheets were marked and sheared into coupons 110 mm by 350 mm with the long
direction in the rolling direction of the steel coil.

Galvanizing trials with the Zn-55%Al-1.6%Si alloy highlighted considerable difficulties
in using uncoated steel samples to produce coatings of suitable surface quality for the
present work. The use of fluxes with high aluminium content alloys, especially at the
high liquid alloy temperatures required, failed to produce defect free coatings for property
evaluation. Persistent problems included significant uncoated regions and the
incorporation of oxide dross into coatings. Such defects render samples unsuitable for
painting, and other methods of applying the ZINCALUME coating were therefore
investigated. One of these alternative methods involved the utilization of commercially
produced ZINCALUME as base material and is hereafter referred to as the " Double
Dipping " method. In this method, a sample of ZINCALUME was cleaned and preheated
before being immersed in a liquid ZINCALUME alloy. While immersed in the liquid, the
coating on the sample dissolved and when the sample was removed from the liquid, a
new ZINCALUME coating was substituted in place of the original coating. This new
coating, with the composition of the liquid alloy, was subjected to the similar principles
of coating thickness control and accelerated cooling as the original coating. Trials using
the Double-Dipping method showed that it was possible to consistently produce high
quality coatings and a decision was therefore made to proceed with experimentation using
this method.

The main concern with using ZINCALUME as base material for the laboratory
galvanizing process related to the development of a considerably thicker quaternary
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intermetallic alloy layer, sometimes three times as thick as that occuring on the
commercially produced coating. This was common for "Double-Dipped" coatings since
the ZINCALUME overlay dissolved when the coupon was submerged in the liquid alloy
but the alloy layer did not, and continued to grow. However, it was considered that the
benefits of being able to produce modified coatings for evaluation with consistently high
quality surfaces far outweighed the problem of a thicker alloy layer when comparing the
performance of the modified coatings with that of standard ZINCALUME coatings
produced commercially.

It was also found that using chromate passivated ZINCALUME feed ensured wetting of
the coupon by the liquid alloy. This improved wettability promoted uniform coating
dissolution on immersion in the melt with subsequent improvement in coating quality.

Initially, in an effort to minimize alloy growth and therefore provide a coating more
directly comparable to the commercial product, ZINCALUME with base thicknesses of
0.42 mm and 0.60 mm was trialled in laboratory hot-dipping experiments.
Unfortunately, these coupons tended to warp on immersion in the liquid alloy creating
uneven air stripping of the excess molten coating on withdrawal. After several attempts to
rectify this problem by varying preheat conditions and sample orientation, it was decided
to use 1.0 mm base thickness feed material. This resulted in a much improved sample
shape with less warping.

5 .1 .2

Laboratory Hot-Dip Galvanizing

The galvanizing process in the present work involved the substitution of a modified
ZINCALUME coating for the standard ZINCALUME on commercially coated steel
sheet. Precoated steel sheet was used as the base material to overcome the experimental
problems described in Section 5.1.1. The arrangement of laboratory equipment used for
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galvanizing is shown in Fig. 5.1, and the process for galvanizing each sample with a
replacement ZINCALUME coating involved:
1. cleaning of the ZINCALUME sample,
2. preheating of the sample in air to approximately 400°C,
3. immersion of the sample in a modified liquid ZINCALUME alloy and removal of
oxide and/or intermetallic dross contaminants from the liquid alloy surface,
4. withdrawal of the sample from the liquid alloy with the coating mass controlled
on one surface only by use of the "air-knife" (the air-knife is shown in Fig. 5.1
and described in detail in this section),
5. accelerated cooling of the sample, and
6. assessment of coating quality.

The sample was cleaned using naptha solvent to remove any residual oils or
contaminants. This precautionary measure promoted wettability of the ZINCALUME
coating in the liquid alloy.

The cleaned sample was placed in the preheating furnace, shown at A in Fig. 5.1, and
heated in air to a temperature of approximately 400°C. Such heating avoided the warping
of samples during immersion in the liquid alloy. It also improved liquid alloy temperature
control by minimizing heat loss on sample immersion. The minimum time for the sample
to reach 400°C was found by spot-welding a thermocouple onto the sample and
measuring the temperature after various times in the furnace set at 450°C. The resulting
graph of sample temperature as a function of preheat time, presented in Fig. 5.2, shows
that a time of seven minutes was sufficient for the sample to be heated to a temperature of
400°C.
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Fig. 5.1 : Photograph showing the arrangement of galvanizing equipment for the present work.

Fig. 5.2 ;

Graph showing sample temperature as a function of preheating time at 450°C.
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Through a metallographic investigation it was found that there was no significant
intermetallic alloy layer growth during the preheat cycle for times of up to one hour. The
importance of minimizing the alloy layer growth is related to the application of the present
results to the commercial process (as discussed in Section 6.2.4).

The liquid alloy, contained in a graphite crucible, was heated in a furnace as illustrated at
B in Fig. 5.1. The furnace controller (shown at Bi) governed the temperature of the
furnace, as measured with a thermocouple set between the furnace filament and the
crucible. With the furnace controller set at approximately 700°C, it was found that the
liquid alloy temperature could be controlled within the range of 600°C ±5°C during the
galvanizing program. The liquid alloy temperature was measured directly at regular
intervals throughout the galvanizing program using a chromel/alumel thermocouple and
the crucible was covered with an insulating lid at all times (other than during sample
production and liquid alloy sampling).

After the preheat cycle, the sample was placed in the liquid alloy between the air-knife
(which was not in operation) and the supporting bar. This position is shown at C in Fig.
5.1. On immersion in the liquid alloy, the 20-25

Jim

thick ZINCALUME coating on the

sample reaches melting temperature very quickly. Therefore, the coating melts and
dissolves into the surrounding liquid alloy, which is of very similar composition. As a
precautionary measure, the sample was agitated briefly on immersion to further promote
coating dissolution and dispersion. Thus, it was ensured that the liquid alloy in contact
with the sample had the composition of the bulk liquid.

During coating dissolution, additional growth of the intermetallic alloy layer occurred. A
trial was designed to determine the extent of this alloy layer growth at 600°C, and
involved immersion of a ZINCALUME sample in the liquid alloy for various times
followed by a water quench. The results are presented in Fig. 5.3, where Fig 5.3(a)
consists of cross-sectional micrographs showing the alloy layer thickness at various times
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and Fig. 5.3(b) shows the same relationship in graphical form. It can be seen that after
five seconds in the liquid alloy, there was very little evidence of alloy layer growth. After
ten seconds, alloy layer growth was significant (averaging approximately 4 pm
thickness) and alloy thickness was seen to increase with further time in the liquid alloy. It
is interesting to note the parabolic relationship between alloy growth and time in the
liquid, which supports the work of Selverian et al (38) who found that alloy growth was
diffusion controlled.

Prior to removing the sample from the liquid alloy, it was necessary to clear the liquid
surface of oxide and/or intermetallic dross (a process termed "drossing") using a 25 mm
wide steel scraper. This was essential in the production of a smooth and even coating free
of dross particles.

Immersion, agitation and drossing required approximately 10 seconds to complete.
Consequently, the Double-Dipped ZINCALUME coatings produced in the present work
were characterized by an intermetallic alloy layer of 4-5 pm thickness.

The sample was withdrawn from the liquid alloy at a rate of approximately 1 m/sec. The
coating mass was controlled on one side only using an "air-knife", as shown in Fig 5.1.
The air-knife, shown in greater detail in Fig. 5.4, consisted of a plenum chamber with a
narrow (approximately 0.8 mm) horizontal slit. Air was forced through the slit by a
vacuum motor attached to a voltage varying device. This allowed variation of the pressure
in the air-knife with consequent control over coating mass. Other process variables
included the withdrawal rate and the distance between the slit and the sample surface.
Details for the operation of the air-knife are provided in Fig. 5.4.
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(a)

(i) Control, 0 seconds

(v) 60 seconds

(ii) 5 seconds

(vi) 300 seconds

(b)

Fig. 5.3 ; (a) Photomicrographs, and (b) graph of alloy thickness as a function of time showing the

intermetallic alloy layer growth in liquid ZINCALUME at 600°C.
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A
B
C
D
E
F

:
:
:
:
:
:

H orizontal slit for jet of air (0 .8 mm )
Plenum chamber
G uiding bar ( sets sample at 10 mm from s lit )
Pressure gauge ( 3450 Pa pressure during galvanizing )
M olten alloy
G raphite crucible

Fig. 5.4 : Photograph showing the arrangement of the "air-knife" apparatus for the control of coating

thickness

The sample (with a modified coating) was cooled in a stream of forced ambient air so that
the air stream impinged on the bottom surface. The sample was held horizontally to avoid
uneven coating mass due to gravitiational flow. A sample situated on the cooling
apparatus is shown at D in Fig.5.1. The mean cooling rate between 600°C and 200°C
(where the coating is solid and the solid state reactions should be complete) was
approximately 12.3°C/second, as measured using a thermocouple spot-welded onto the
top surface of a typical sample. A graph of sample temperature as a function of time
during the cooling cycle is presented in Fig. 5.5.
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Fig. 5.5 ; Graph of sample temperature as a function of time in the cooling medium.

The quality of coatings was assessed in terms of thickness and uniformity, the presence
of uncoated patches or dross particles, and warping of the steel base. In general, coating
thickness measurements for each sample were required to be in the range of 18-27 pm,
with an average of 20-25 pm. Coatings not in compliance with these thickness criteria
were not used for testing. Measurements were made using a Fischer Deltascope, a
portable thickness measuring device.

Samples meeting the thickness criteria, with defect free (no dross particles or uncoated
patches) and flat surfaces, were categorized as "paintable" samples and prepared for
further processing (that is, pretreatment and painting). For samples to be used in
unpainted testing, the thickness and surface quality criteria were of the same importance
as for the paintable samples, though the requirements for sample "flatness" were not as
stringent. Consequently, a number of samples not suitable for painting due to poor shape
were used as unpainted samples in the testing program. Dimensional sample requirements
for the various tests are outlined in Sections 5.3 and 5.4.
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5 .1 .3

T he Z n-55% A l-1.6% Si

Alloy

and

Alloy

A dditions

The liquid alloy for each series in the present work was prepared by melting ingots of
ZINCALUME in a graphite crucible, as described in Section 5.1.2. The ZINCALUME
was obtained from the No.l Galvanizing Line at the Springhill Works of BHP Steel Sheet and Coil P roducts Division (SCPD), Port Kembla.

Four series of alloying additions to the standard ZINCALUME alloy were made using
magnesium, calcium, gallium and copper, respectively. Each series began with the
production of "control" coatings (with no additions to the ZINCALUME alloy),
according to the procedure outlined in Section 5.1.2. For each series, a low level addition
of y%X (where y is a numerical value of concentration and X is the minor alloying
element) was then made, and coatings were produced with the composition of Zn55%Al-1.6%Si-y%X. Three further levels of additions of X were made and coatings
were produced at each of the progressively higher concentrations. Thus, each series
consisted of control coatings and coatings with four levels of concentration of the minor
alloying addition. An outline of observations made during the production of modified
coatings is presented in this section. This outline relates to the effects of the additions to
the galvanizing process in terms of the ease with which the addition can be introduced to
the liquid alloy, the formation of oxide dross and the liquid metal flow characteristics.

Magnesium was added to the liquid ZINCALUME alloy using pure metal in ingot form
with a purity of 99%. Magnesium has a much lower density than the liquid
ZINCALUME, and the magnesium ingots therefore floated on the surface of the liquid
alloy. If allowed to remain on the surface of the liquid, where an ample supply of oxygen
was available, these ingots tended to "burn" to a black powder very quickly generating
considerable fume and smoke. Therefore, to dissolve the magnesium in the liquid alloy, it
was necessary to hold the addition submerged beneath the liquid alloy surface using a set
of forceps. The nominal concentrations of magnesium investigated were 0.1, 0.5, 1.0
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and 2.5 weight percent. With respect to the production of coatings, low level magnesium
additions did not cause any serious processing problems. At the addition level of
0.1 %Mg, the formation of surface oxide dross was not significantly greater than for the
ZINCALUME alloy. The liquid alloy could be left for a number of days, without mixing
and with exposure to the air (although the alloy was covered with insulating wool),
without excessive oxide dross formation on the surface of the liquid alloy. However, at
one stage during this series, the liquid alloy was left unattended for eight days and, after
this time, considerable dross formation was noted. Higher magnesium contents resulted
in noticeable changes to the oxidation characteristics of the liquid alloy, with a resulting
increase in the difficulty of producing good quality coatings. At the addition levels of
0.5%Mg and 1.0%Mg, the trend for increased dross formation with increased
magnesium content became evident. It was only a matter of hours before surface oxide
dross would form to a similar extent as it did in the 0.1 %Mg liquid alloy over several
days. At the highest magnesium addition level of 2.5%, the formation of oxide dross on
the surface of the liquid alloy was much more severe, causing considerable difficulty in
providing a dross-free liquid surface. Immediate reformation of the dross resulted in the
presence of a "skin" of very fine oxide dross on the surface of the coating.

Calcium additions to the liquid ZINCALUME alloy were made using an Al-10%Ca
master alloy. Introducing the calcium additions into the liquid alloy proved to be a very
slow process, as several hours were necessary before the Al-10%Ca ingots would
dissolve. As in the case of the magnesium ingots, Al-10%Ca has a much lower density
than the ZINCALUME alloy and therefore floated in the liquid alloy. This was
unavoidable due to the time required for dissolution. Zinc was added as required, in the
form of pure ingots (99%), to ensure that the correct aluminium:zinc ratio was maintained
and silicon concentration was maintained by appropriate additions of an Al-13%Si alloy.
There were no problems with additions of zinc to the liquid alloy, as zinc dissolves
readily in the liquid ZINCALUME alloy. The nominal compositions for calcium additions
were 0.1, 0.2, 0.5 and 1.0 weight percent. With respect to the production of coatings,
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calcium additions generated significant processing problems due to oxide dross
formation. These problems became more pronounced as the calcium content was
increased. At the addition level of 0.1 %Ca, oxide dross formation was not excessive but
significantly greater than observed for the ZINCALUME liquid alloy without calcium
additions. The trend of increased oxide dross formation with increased calcium content
continued with the 0.2%Ca series. At the addition level of 0.5%Ca, the problem became
much more severe, causing difficulty in preparing the liquid alloy surface for coating
production. Immediate reformation of the oxide on the surface of the liquid resulted in the
incorporation of an oxide "skin" on the coatings with an associated decrease in coating
quality (in terms of surface appearance and smoothness). It was also difficult to ensure
coating quality thickness and uniformity, as the calcium additions seemed to have altered
the flow characteristics of the liquid alloy. An attempt was made to produce coatings with
a calcium content of 1.0%, but this proved extremely difficult due to the even more rapid
formation of oxide dross. It was therefore decided that it was not worthwhile continuing
with the production of coatings with this calcium concentration.

Gallium additions to the ZINCALUME alloy were made using pure gallium with a purity
of 99.99%. Due to the low melting point of gallium (approximately 30°C), the added
ingots melted immediately on contact with the liquid alloy and seemed to dissolve without
difficulty. The nominal concentrations for gallium additions were 0.05, 0.2, 0.5 and 1.0
weight percent. With respect to the production of coatings with gallium additions, there
were no extraordinary difficulties encountered, and the liquid alloy appeared to behave
very similarly to the ZINCALUME alloy with no additions.

Additions of copper to the ZINCALUME alloy were made using metal foil with a purity
of 99%. There was no difficulty in introducing the copper into the liqud alloy. However,
to reduce the possibility of oxidation of the copper, the foil was held submerged beneath
the surface of the liquid, where it dissolved in a matter of seconds. The nominal
concentrations for copper additions were 0.05, 0.1, 0.5 and 1.0 weight percent. As was
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the case for gallium additions, there were no additional difficulties associated with
producing coatings with copper additions.

Sampling of the liquid alloys was performed at regular intervals during each galvanizing
series to ensure confidence in the alloy composition and to identify any changes of
composition over time caused by preferential dross formation involving the alloy
addition. These samples were water quenched to minimize segregational effects.
Chemical analysis was carried out in the Chemical Laboratory of Sheet and Coil Products
Division (SCPD), BHP Steel. The alloys were dissolved in hydrochloric acid and
analysed using atomic absorption spectroscopy for zinc, iron, magnesium, calcium and
copper, photometric analysis for silicon and gallium, and aluminium content was
calculated by difference. Due to the closure of the Chemical Laboratory at SCPD, coating
samples were submitted to the Central Laboratory of Slab and Plate Products Division
(SPPD), BHP Steel, for chemical analysis to ensure that the coating had the same
composition as the galvanizing alloy. For this testing, the coatings were dissolved in a
rhodine inhibited hydrochloric acid solution and the solutions were analysed using
Inductive Coupled Plasma Spectroscopy.

Samples for metallographic analysis of the alloys were taken in the form of air-cooled
ingots (10 mm x 10 mm x 80 mm). The aim of this analysis was to provide an indication
of phases likely to be present in the coated specimens.

5 .1 .4

P retreatm ent and Painting

The pretreatment of samples for the present work was undertaken in the Pretreatment
Laboratory at the Research and Technology Centre, SCPD, BHP Steel. The laboratory
pretreatment equipment used was designed to simulate as closely as possible the process
used on the continuous paint lines operated by SCPD. This equipment consisted of five
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stages with the objective of imparting a chromate modification to the ZINCALUME
surface. The chromate surface treatment was designed to provide a passivating effect on
surface corrosion while improving the paintability of the surface. The five stages were :

Stage 1 . Alkaline Cleaner
Stage 2 . Hot-Water Rinse
Stage 3 . Chromate Rinse
Stage 4 . Cold-Water Rinse
Stage 5 . Final Chromate Rinse

The concentrations of solutions used for each stage were measured in the laboratory by
titration and were set according to the production line standards (see Appendix 1). The
contact time for each stage was determined by exposing test samples at various times and
measuring the residual chromium levels using X-ray Fluorescence. The aim for the
residual chromium was 10-20 mg/m2 to comply with accepted commercial practice. The
conditions for each addition series were determined independently as the coatings from
each series were processed separately. To minimize the possibility of surface ageing
effects, measurement of the chromium level on random samples from each addition series
was performed as soon as possible after pretreatment. The results are presented in
Appendix 1.

The painting of samples in the present work was carried out in the Paint Laboratory at the
Research and Technology Centre, SCPD, BHP Steel. A magnetic table was used to
keep the samples flat, and the drawdown method was employed for paint application.
The drawdown method involves the use of a metal rod wound with metal wire to spread a
film of paint evenly over a flat sample. The diameter of the metal wire winding on the rod
determines the amount of paint left on the sample and therefore, ultimately, the paint film
thickness. A photograph of the typical arrangement of equipment for drawdown paint
application in the present work is presented in Fig. 5.6. The primer used was a
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Taubmans epoxy primer called Universal Primer (Ex90060-t) with a Peak Metal
Temperature for curing of 241°C. The top coat was a polyester Anzol Off-White
(PN12501-A) with a Peak Metal Temperature of 232°C. The cure oven was set at 280°C
and the cure times were estimated after trials for each alloy addition series.

Fig. 5.6 ; A photograph of the typical arrangement of equipment for drawdown paint application in the

present work.
( A is the direction of travel of the drawdown bar, B shows the reservoir of paint, C shows the magnetic
table used to keep the sample flat and D is the sample )
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5.2

Coating Microstructural Analysis

5 .2 .1

Surface Appearance

Coating surfaces were examined to provide information on grain (or spangle) size and
surface structure. Examinations at 6.5X magnification were undertaken using a Zeiss
Ultraphot microscope with an Illumina attachment. A green light filter was used and
images were recorded on Ilford Ortho (5"x4") negative film. At magnifications of 100X,
coating surfaces were examined using a JEOL JSM-840 scanning electron microscope in
secondary electron imaging mode at 15kV. Images were recorded on Ilford HP5 film
using an attached auto-exposure unit.

Examination of the surface topography of the interface between the intermetallic alloy
layer and the coating was conducted after the removal of the coating by dissolution in
arsenic inhibited hydrochloric acid. Once the coating had dissolved, the sample was
submersed in ethanol and placed in an ultrasonic unit to remove etching contaminants.
The surface was then examined in the SEM and electron images were recorded on Ilford
HP5 film.

5 .2 .2

Galvanizing Alloys and Coatings

Coating samples were mounted in cross-section using low curing temperature epoxy
resin, thus avoiding the heat treatment associated with bakelite mounting. The 37.5 mm
diameter mounts were ground on progressively finer abrasive paper, to 1200 grade. The
mounts were then polished using 4-8 pm, 1-3 pm and, finally, 0-1 pm diamond paste on
motorized polishing wheels. These polishing stages were interrupted by cleaning stages,
where the mounts were placed in ethanol in an ultrasonic unit before being washed in a
stream of ethanol and blown dry with forced air. Where etching was necessary to reveal
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phase distribution (during examinations with optical microscopy), the coatings were
etched in a solution of nitric acid in ethanol, in the ratio 1:125, for 10 seconds.

For examination of the cross-sections in the SEM, the mounts were repolished to 0-1 Jim
diamond paste and carbon coated in the unetched condition.The mount was then set on a
SEM mounting stage using silver dag across the samples for contact. EDS spectra for
compositional analysis of phases were taken at 15kV using 25% dead time. It should be
noted that the "volume of influence" of the incident electron beam, when generating
characteristic x-rays for EDS analyses, is approximately 1 jum3 at 15kV (166).

-
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Mechanical Testing

The effect of the minor alloying additions on the mechanical behaviour of ZINCALUME
was investigated by measuring the microhardness of the aluminium-rich matrix for all
controls and modified coatings and comparing these results with qualitative assessments
of coating cracking. It has been established that the mechanical properties of the
aluminium-rich matrix have an important effect on the mechanical properties of the
coating, and it was hoped that this investigation might reveal new information regarding
the mechanisms responsible for this relationship. Although the zinc-rich interdendritic
regions also have an important influence on the cracking behaviour of ZINCALUME,
microhardness results for these regions were not considered reproducible enough to
warrant extensive investigation. This was due to the complexity of the eutectic and the
non-uniform nature the addition distribution in these regions. It was also difficult to
ensure sufficient depth of the phase in relation to the indent and this was another factor
contributing to the non-reproducibility of results.

It was considered that the dendrite microhardness measurements might provide an
indication of the tendency of alloying additions to remain within the aluminium-rich phase
on solidification, either as solid solution or precipitation hardening phases, and therefore
potentially alter the electrochemistry of the aluminium-rich matrix.

It has been shown that ZINCALUME exhibits quite marked age-hardening behaviour
which can influence the mechanical behaviour of the coatings. For this reason, the
aluminium-rich dendrite hardness and cracking characteristics on bending deformation
were examined immediately on completion of production of each alloy addition series.
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5 .3 .1

Microhardness Testing of Aluminium-Rich Dendrites

Measurements of aluminium-rich dendrite microhardness were made on the polished and
etched coating cross-sections using a Zeiss microhardness attachment on the Zeiss
Axioplan optical microscope. Loading for indentation was selected at 0.01 g to ensure the
indent was fully contained within the aluminium dendrites and indents were made in the
centre of large dendrites in an attempt to minimize error due to compositional variation. A
minimum of twenty measurements were taken to ensure statistical relevance, and values
for mean, range and standard deviation were determined. The mean hardness was then
graphed as a function of alloy addition concentration. The error bars on the resulting
graphs represent the 95% confidence limits as calculated according to the Student's tdistribution for small sample sizes (167).

5 .3 .2

2T-Bend Test : Coating Cracking on Bending Deformation

The 2T-bend test provided a qualitative assessment of the mechanical performance of
modified coatings on bending compared to that of the control coatings. The test involved
bending a 15 mm x 30 mm sample around the short axis to an internal bend radius of one
times the base thickness (i.e. 1.0 mm in the present case). Figure 5.7 shows the sample
and the resulting test piece.

The nature and extent of cracking on the bends was assessed visually, using optical
images, to determine whether the alloying additions had any appreciable effect on the
cracking characteristics of the coating. Considerable difficulty in obtaining good quality
optical images of the cracking was encountered, due to the high reflectivity of the
ZINCALUME coatings. However, coating the bends with vapour deposited gold and
then with Ilford matte spray (for photographic prints) reduced the characteristic glare and
good quality images of the cracking were possible. The optical images were taken at a
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magnification of 60X using a stereomicroscope with an external lighting source. Images
were recorded on 35 mm (40ASA) black and white negative film.

30 mm

2T-BEND TEST PIECE

Fig. 5.7 : Schematic illustration of undeformed test sample and 2T-Bend Test piece.

5 .3 .3

P a in t A dhesion

The Paint Adhesion Test was designed to simulate the ability of a cured paint film to
adhere to a metal surface. In the present work, a 15 mm wide strip of painted
ZINCALUME was bent around the short axis (in a similar method to that used for the
2T-Bend Test) to progressively larger bend radii. The first bend was a flat bend (0TBend), with an internal bend diameter of zero times the base thickness. Adhesive tape
was applied to the painted bend and then forcibly removed in a direction tangential to the
bend surface. If there is no paint attached to the adhesive tape after removal from the
bend, then the test piece is said to have passed at OT-bend. If, however, the test piece
fails at a OT-bend (by removal of paint), it is bent around itself to form a lT-bend and the
test is repeated. The process of testing at progressively less severe bends continues until
the test piece passes the test.

- 106 -

5.4

Corrosion Testing

Corrosion testing in a humidified salt spray environment (the Salt Spray Test) and an
authentic marine environment (the Outdoor Exposure Test at Bellambi Point) was
undertaken to characterize the influence of the alloying additions on the corrosion
behaviour of ZINCALUME coatings. Samples were tested in both the unpainted and
painted conditions. The Salt Spray Test was conducted in the Corrosion Laboratory of
the Research and Technology Centre, BHP Steel - Sheet

and Coil Products

D ivision.

5.4.1.

Salt S pray Test

The salt spray test units employed in the present work conformed with the ASTM
standard method for humidified salt fog testing (168). It should be noted that samples
from the magnesium series were tested in a different salt spray unit than samples from the
calcium, gallium and copper series. This was due to the availability of a new testing unit
which allowed testing of the latter three series despite a considerable backlog of other
outstanding work.

Due to the thickness of the steel base in this program, which results in an increased
driving force for corrosion at cut edges, all edges of the unpainted samples were
protected with silicone sealant. This resulted in a more reliable indication of the corrosion
performance of the unpainted coatings on a flat surface. Sample dimensions were
approximately 100 mm x 120 mm, though some slight variation was unavoidable.
However, any such variation was considered insignificant since there were no edges
exposed to provide variation in potential for corrosion. The samples from the magnesium
series were tested with 45° and 90° bends in the coating. However, after experimental
difficulties (to be discussed in Section 6.4.1) it was decided that the calcium, gallium and
copper series should be tested in the flat condition.
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During testing, samples were inspected daily until the area of red rust approximated 5%.
The time to 5% red rust of duplicate samples (from each addition concentration) was
recorded and expressed in terms of hours per micrometer of coating thickness. It was
proposed that this would minimize errors due to coating thickness variations. These
results were then expressed graphically as a function of alloy addition concentration.

It should be noted that the corrosion of ZINCALUME in salt spray tests is often not a
uniform process. For instance, at times it may lead to a fine and even dispersion of rust
spots while at others it may lead to a few large and unevenly distributed rust spots. When
this variation is considered along with the subjective nature of rust assessment, it can be
seen that the results obtained can only be used as a qualitative guide to the expected
corrosion performance of these coatings in a severe marine environment.

Painted samples were tested with only one edge protected and with a 45° and a 90° bend
(to provide cracks through the paint coating). The intention was to assess the edge
undercutting visually in terms of the extent of characteristic blistering on the painted
surface adjacent to the cut edge. Unfortunately, salt spray testing of painted samples was
aborted after severe edge undercutting on all samples (presumably due to the very thick
base steel) rendered any possible effects undiscernable. For this reason, the results of this
testing program are not discussed in Section 6.4.1.

5 .4 .2

Outdoor Exposure Test

It is generally accepted that marine environments are amongst the most severe in terms of
corrosive influence on ZINCALUME coatings and, because it has the reputation of being
the most severe of the marine exposure sites available in the Illawarra area, the Bellambi
Point exposure site was chosen for the exposure program in the present work.
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Unpainted samples were exposed flat with all edges unprotected to accelerate corrosion
and promote edge effects. The sample dimensions were approximately the same as those
for the salt spray test. It was proposed that at six-monthly intervals the samples should be
examined and photographed on site as a record of coating performance. Photographs
were taken using Fuji colour film 100AS A with a Nikon SLR camera.

Painted samples were exposed at the same site and were also edge unprotected. In order
to assess the performance of the coatings at cracking at bends, a 2T bend was formed
along one long edge and this bent edge was mounted upmost to encourage moisture
entrapment in the cracks. These samples were also to be examined at six-monthly
intervals and photographed to record the progress of edge corrosion beneath the paint
film and corrosion at cracks in bends. This testing program is ongoing, as discussed in
Section 6.4.2, as it is possible that several years of exposure are necessary before
significant effects become apparent.
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6.0

RESU LTS AND D ISCU SSIO N

This chapter provides a detailed account of the results obtained from the various tests and
analyses undertaken in the present work. The compositions and microstructures of the
alloys used in the production of coatings are examined in Section 6.1, while the coating
compositions and microstructures will be examined in Section 6.2. The latter examination
begins with analysis of the surface appearance of the coating overlay and the intermetallic
alloy layer, followed by the analysis of the coating microstructures in cross-section to
determine phase distribution and identity. These analyses provide valuable information
relating to the mechanisms of microstructural change due to the minor additions. Section
6.2 will also include a comparison of commercial and laboratory-produced ZINCALUME
to assess the validity of using the present results to predict the behaviour of
ZINCALUME produced in a commercial process.

The results of tests on the effects of minor additions on the mechanical and corrosion
behaviour of ZINCALUME are presented in Sections 6.3 and 6.4, respectively.
Mechanical test results include microhardness measurements from the aluminium-rich
dendrites in modified coatings, assessment of the cracking characteristics of the coatings
when formed, and the "paintability" of the coatings as assessed by the paint adhesion
test. These results are discussed with reference to the microstructural analyses presented
in Section 6.2. Corrosion test results include humidified salt spray resistance and
corrosion during outdoor exposure in a severe marine environment.

Discussion of the potential of these additions for introduction to a commercial
ZINCALUME galvanizing process is discussed in Section 6.5. The effectiveness of
minor additions as modifying agents is considered in relation to the observed effects on
the mechanical and corrosion behaviour of the modified coatings. Other important aspects
considered are experimental observations made during laboratory galvanizing with the
modified alloys, and limitations in experimental measurement.

-
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Galvanizing Alloys : Compositions and Microstructures

In this section, the compositions and microstructures of the galvanizing alloys for each of
series of additions are presented. The compositions of the alloys used in each series are
considered first in Section 6.1.1, followed by analysis of the microstructures of these
galvanizing alloys when cast from the liquid state and cooled in air.

6 .1 .1

Alloy Compositions

The compositions of the galvanizing alloys used to produce coatings for the magnesium,
calcium, gallium and copper series are presented in Tables 6.1, 6.2, 6.3 and 6.4,
respectively. The compositions of the ZINCALUME alloys used in each of the series
were very close to the standard ZINCALUME composition of Zn-55%Al-1.6%Si. Noted
deviations include the silicon content of 1.8% in the gallium-series alloy and the slightly
lower aluminium content of 52.3% in the copper series, though the effects of such slight
deviations are considered to be negligible. The iron content of approximately 0.4%, in all
alloys, is evidence of the saturation of the commercial ZINCALUME by iron discussed in
Section 3.3.3. With respect to the minor alloying additions, it is clear from these results
that the measured addition levels were generally very close to the nominal level specified
for each series.
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SAMPLE

A1

Zn

Si

Fe

Mg

M gA l
MgA2

54.7
54.0

43.2
44.0

1.58
1.53

0.44
0.44

<0.01
<0.01

-

MgA3

56.4

41.7

1.41

0.48

<0.01

-

MgBl
MgB2

52.9
52.6

44.8
45.3

1.70
1.57

0.44
0.42

0.13
0.10

0.1
0.1

MgB3

52.7

45.2

1.60

0.42

0.10

0.1

MgB4

52.7

45.2

1.57

0.42

0.10

0.1

MgB5

52.7

45.2

1.58

0.44

0.11

0.1

MgB6

52.6

45.3

1.55

0.43

0.09

0.1

M gCl
MgC2

52.2
52.6

45.2
44.8

1.45
1.48

0.43
0.44

0.69
0.70

0.5
0.5

MgC3

53.4

43.9

1.56

0.40

0.71

0.5

M gD l
MgD2

51.7
53.2

45.1
43.7

1.59
1.60

0.44
0.40

1.19
1.11

1.0
1.0

MgD3

53.1

43.8

1.64

0.43

1.06

1.0

MgD4

53.2

43.6

1.65

0.42

1.14

1.0

MgD5

53.0

44.0

1.57

0.40

1,04

1.0

MgD6

52.8

44.2

1.60

0.44

1.00

1.0

M gEl
MgE2

51.0
51.5

44.4
44.7

1.49
1.37

0.45
0.46

2.63
2.84

2.5
2.5

MgE3

51.0

44.5

1.39

0.44

2.74

2.5

MgE4

51.7

43.7

1.46

0.42

2.67

2.5

MgE5

51.3

44.0

1.46

0.45

2.70

2.5

Table 6.1

Nom.
Mg

: Compositions of galvanizing alloys used to produce coatings in the magnesium series,
where MgA = Control Series (with no Mg), MgB = 0.1 %Mg Series, MgC = 0.5%Mg Series, MgD =
1.0%Mg Series and MgE = 2.5%Mg Scries. Samples within each series were taken at regular intervals
and all compositions are weight percent.
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SAMPLE

A1

Zn

Si

Fe

Ca

Nom. Ca

CaAl
CaA2

54.5
55.2

43.2
42.8

1.63
1.63

0.46
0.41

<0.01
<0.01

-

CaBl
CaB2

54.6
55.0

43.2
43.0

1.55
1.52

0.42
0.44

0.09
0.09

0.1
0.1

CaB3

55.0

43.1

1.60

0.10

0.1

CaB4

55.2

42.9

1.62

0.43
0.44

0.09

0.1

CaCl
CaC2

54.3
54.1

1.54
1.56

0.44
0.47

0.20
0.19

0.2
0.2

CaC3

54.4

43.5
43.7
43.4

1.57

0.47

0.18

0.2

CaC5

54.4

43.4

1.55

0.48

0.19

0.2

CaC6

54.3

43.4

1.60

0.48

0.18

0.2

CaC7

54.3

43.5

1.57

0.45

0.18

0.2

CaDl
CaD2

54.2
54.5

1.42
1.27

0.47
0.47

54.3

1.36

0.46

0.48
0.45
0.44

0.5
0.5

CaD3

43.4
43.3
43.4

CaEl

53.5

43.8

1.26

0.44

0.95

1.0

0.5

Table 6.2 : Compositions o f alloys used to produce coatings in the calcium series, where CaA =
Control Series (with no Ca), CaB = 0.1 %Ca Series, CaC = 0.2%Ca Series and CaD = 0.5%Ca Series and
CaE = 1.0%Ca Series. Samples in each series were taken at regular intervals and all compositions are
weight percent.
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A1

Zn

Si

Fe

Ga

Nom.
Ga

GaAl

56.2

41.6

1.82

0.38

<0.01

-

GaBl
GaB2

55.3
55.8

42.5
42.1

1.77
1.74

0.34
0.33

0.08
0.03

0.05
0.05

GaB3

55.3

42.6

1.75

0.32

0.04

0.05

GaB4

55.1

42.7

1.79

0.39

0.05

0.05

GaB5

55.2

42.6

1.77

0.41

0.03

0.05

GaB6

55.0

42.7

1.82

0.39

0.04

0.05

GaCl
GaC2

56.3
55.8

41.3
41.8

1.76
1.71

0.35
0.36

0.25
0.30

0.2
0.2

GaC3

56.1

41.4

1.84

0.40

0.31

0.2

GaDl
GaD2

55.8
55.9

41.5
41.5

1.72
1.68

0.36
0.34

0.60
0.55

0.5
0.5

GaD3

55.4

41.8

1.76

0.37

0.70

0.5

GaD4

55.8

41.4

1.77

0.39

0.64

0.5

GaD5

55.4

41.6

1.79

0.43

0.70

0.5

GaEl
GaE2

55.4
55.6

41.4
41.2

1.77
1.78

0.40
0.41

1.03
1.04

1.0
1.0

SAMPLE

Table 6.3 : Compositions o f alloys used to produce coatings in the gallium series, where GaA =
Control Series (with no Ga), GaB = 0.05%Ga Scries, GaC = 0.2%Ga Series, GaD = 0.5%Ga Series and
GaE = 1.0%Ga Series. Samples in each series were taken at regular intervals and all compositions are
weight percent.
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SAMPLE

AI

Zn

Si

Fe

Cu

Nom.
Cu

CuAl

52.3

45.6

1.63

0.44

<0.01

-

CuBl
CuB2

52.3
52.3

45.7
45.8

1.51
1.50

0.43
0.37

0.05
0.05

0.05
0.05

CuCl
CuC2

45.8
46.0

1.48
1.50

0.42
0.41

0.10
0.10

0.1
0.1

CuC3

52.2
52.0
52.1

45.9

1.46

0.40

0.10

0.1

CuDl
CuD2

51.3
51.4

46.3
46.2

1.49
1.49

0.38
0.37

0.48
0.49

0.5
0.5

CuD3

51.3

46.1

1.60

0.42

0.52

0.5

CuEl
CuE2

50.7
51.3

46.4
45.8

1.54
1.51

0.40
0.40

0.97
0.96

1.0
1.0

CuE3

51.1

46.0

1.54

0.39

0.96

1.0

Table 6.4 : Compositions of alloys used to produce coatings in the copper series, where CuA =
Control Series (with no Cu), CuB = 0.05%Cu Scries, CuC = 0.1 %Cu Series, CuD = 0.5%Cu Series and
CuE = 1.0%Cu Series. Samples in each series were taken at regular intervals and all compositions are
weight percent
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6 .1 .2

Alloy Microstructures

This section provides a detailed account of the effects of the minor alloying additions on
the microstructure of the ZINCALUME alloy. The typical microstructure of a cast, air
cooled ZINCALUME ingot will be presented with scanning electron (SE) micrographs to
illustrate the morphology and distribution of typical features. Compositional analyses of
designated phases and phase mixtures using EDS microanalysis are used to aid phase
identification. These analyses are presented in Appendix 2.

The effects of each of the four series of minor additions will be discussed in turn,
concentrating primarily on new developments in the microstructures. Within each series,
the alloys will be discussed with respect to increasing concentration of alloying addition,
and where there is no significant change to the ZINCALUME structure, this will be
stated. SE micrographs and compositional analyses will not be provided in cases where
there is no significant observed microstructural change.

6.1.2.1

Magnesium Series Control Alloy

The microstructure of the cast ZINCALUME control alloy was comprised of cored,
aluminium-rich dendrites and zinc-rich interdendritic regions. There were also discrete
particulate phases identified, including a faceted high-silicon phase and various
morphological forms of a quaternary intermetallic phase containing aluminium, iron,
silicon and zinc. Figure 6.1(a) shows a m icrograph o f the typical dendritic
microstructure. The dark matrix phase, hereafter referred to as the "I-phase", was the
aluminium-rich dendritic network, and the interdendritic phase mixture, which appeared
light, was the zinc-rich eutectic designated the "II-phase". It should be noted that the IIphase was, in fact, composed of several phases which will be defined in the following
discussion. The black phase with the "Chinese script" morphology was the high-silicon
phase, and will be referred to as the "Ill-phase".

-
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Figure 6.1(b) shows a typical interdendritic region in which compositional analyses were
undertaken. At A, in the central region of the aluminium-rich dendrite, the composition
was found to be approximately 75%Al-25%Zn (see App.2(a)). At B, near the edge of the
same dendrite, the composition was approximately 59%Al-41%Zn (see App.2(b)). It
should be noted that this point was selected at a distance far enough from the zinc-rich
eutectic for the "volume of influence" of the x-ray analysis to be completely contained
within the I-phase. Therefore, since the centre of the dendrites had higher aluminium
concentration than the outer regions, it was concluded that the "cored" dendritic structure
in ZINCALUME coatings, referred to in the literature, was also evident in the alloy
castings in the present work.

From Fig. 6.1(b), it is clearly evident that at least two discrete phases, or phase mixtures,
existed within the interdendritic II-phase. The first of these, at C, appeared to form in the
most central position in the interdendritic region. It was primarily zinc, containing
approximately 5%A1 (see App.2(c)), although it appeared to contain a very fine
dispersion of secondary phase, perhaps as a result of the eutectoid decomposition
referred to by Harvey (33). Identification of these secondary phases was considered
beyond the scope of the present work and, therefore, the zinc-rich region highlighted at C
was designated the II-phase. The second of these phase mixtures, at D, was a very fine
eutectic mixture with the composition of approximately 75%Zn-25%Al (see App.2(d)).
This phase mixture appeared to form the bulk of the interdendritic phases and is referred
to hereafter as the II-phase. A third, less definable, feature was a more "coarse" eutectic
mixture, shown at E in Fig. 6.1(b). However, this phase, with the composition of
approximately 70%Zn-30%Al (see App.2(e)), was considered to be based on essentially
the same eutectic mixture as the II-phase. The very small black areas are thought to be
shrinkage cavities.

The high-silicon Ill-phase, shown at F in Fig. 6.1(b), was found to have the composition
of approximately 96%Si-4%Al (see App.2(f)). It should be noted that the particles

- 117 -

measured were small and the integrity of the phase beneath the plane of the
metallographic section cannot be guaranteed. Therefore, it is possible that a portion of the
aluminium detected was due to the aluminium-rich matrix surrounding the particle. It has
also been shown that aluminium has a very low solid solubility in silicon (less than 0.5%
at the eutectic temperature of 580°C, and decreasing with temperature) and forms a
simple eutectic with aluminium at 87.5%A1 (169). Therefore, it seems unlikely that the
detected aluminium was incorporated in the III-phase, but was merely an anomaly of the
analysis. It is proposed that the III-phase was primarily a silicon-rich solid solution.

The final feature for discussion is the occurence of quaternary intermetallic phases, based
on the Al-Fe-Si-Zn system. These phases appeared in two distinct morphologies; the
"needle" type and "network" type morphologies. The needle-type phase, shown in Fig.
6.1(c) as the IV’-phase, was found to have the composition of approximately 53%Al22%Fe-16%Si-9%Zn (see App.2(g)). The network-type phase, shown in Fig. 6.1(d) as
the IV"-phase, had the composition of approximately 59%Al-24%Fe-8%Si-9%Zn (see
App.2(h)). There were also indications of the existence of very fine needle-type phases
based on an Al-Fe-Si-Zn quaternary intermetallic. An example of these fine needles,
which were generally associated with the zinc-rich II-phase, is shown in Fig. 6.1(e).
However, these needles were too fine to provide meaningful results from EDS
microanalysis, apart from the detection of iron and silicon in appreciable amounts.
Therefore, it was proposed that, because of the morphology, this phase is probably based
on the same phase as the IV'-phase.

-
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(a)

A
B
C
D
E
F

75%A1
59 % A1
5%AI
25 % A 1
30 % A1
4%A1

-

25%Zn
41 %Zn
95% Zn
75% Zn
70% Zn
96 % Si

(I-phase)
(I-phase)
(Il'-p h ase)
(II-phase)
(II-phase)
(Ill-p h ase)

Fig. 6.1 : Principle microstructural features of an air-cooled ingot cast from the ZINCALUME alloy
used as the basis for the Mg-Series coatings, (a) Secondary electron (SE) micrograph showing the typical
microstructure of aluminium-rich dendrite matrix (I-phase), the zinc-rich interdendritic network (II-phase),
and the silicon-rich particles (Ill-phase). 500X. (b) SE micrograph showing a typical zinc-rich
interdendritic region, with component phase mixtures (the II-phase mixture and Il'-phase), the adjacent Iphase and a Ill-phase particle. 1600X. Results of compositional analyses for points marked A to F are
also presented.

- 119-

(c)

IV '-phase :

53%A1 - 22%Fe - 16%Si - 9%Zn

(d)

IV '-p h a se :

59%AI - 24%Fe - 8%Si - 9%Zn

Fig. 6.1(cont.) : (c) SE micrograph showing the needle-type quaternary intermetallic, the IV'-phase.

I500X. The composition of the IV'-phase is presented, (d) SE micrograph showing the network-type
quaternary intermetallic, the IV'-phase. 1500X. The composition of the IV'-phase is also presented.
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Fig. 6.1(cont.) : (e) SE micrograph showing the very fine needle-type quaternary intermetallic phase,
believed to be based on the IV'-phasc. 2300X.
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6.1.2.2

Magnesium-Containing Alloys

With the addition of 0.1 %Mg, there was one significant change to the microstructure of
the ZINCALUME alloy casting, and that was the appearance of a magnesium-bearing
phase mixture within the interdendritic regions, an example of which is highlighted at A
in Fig. 6.2(a). This phase mixture was found to have the approximate composition of
90%Zn-6%Al-4%Mg (see App.2(i)), and was designated the V-phase. It was observed
that the occurence of the V-phase was widespread in the microstructure, apparently
replacing the Il’-phase (primarily zinc) in the most central areas of the interdendritic
regions. The H’-phase region shown at B in Fig. 6.2(a), was one of the few observed
examples of existence after the addition of 0.1 %Mg, and the composition was found to
be approximately 99%Zn-l%Al (see App.2(j)). Since no magnesium was detected in the
II-phase mixture (the composition at C in Fig. 6.2(a) was found to approximate 73%Zn27%A1 (see App.2(k))), it was proposed that the primary action of the magnesium
addition of 0.1% was segregation to the H-phase to form the Zn-Al-Mg phase mixture.

A less significant change is the observation of a number of large needle-type quaternary
intermetallic particles which were considerably larger than the IV’-phase particles in the
ZINCALUME alloy. An example of this phase is shown at D in Fig. 6.2(b), and the
composition was found to be approximately 58%Al-23%Fe-5%Zn-14%Si (see
App.2(l)).

It should be noted that no magnesium was detected in the aluminium-rich dendrite matrix,
or the silicon-rich phase, using EDS microanalysis. However, in the case of the
aluminium-rich dendrites, this cannot be taken as proof of the absence of magnesium. If
the magnesium were present in only low concentration, the very large K-peak associated
with the high concentration of aluminium might "mask" the adjacent K-peak associated
with magnesium. It would then not be feasible to quantify the magnesium present.
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(a)

A
B
C

:
:
:

90 %Zn - 6 7cAl - 4 7cMg
99%Zn - 1 7c Al
73 7c Zn - 2 7 7cAl

(V-phase)
(H '-phase)
(II-phase)

(b)

D

:

5 8 % A! - 23%Fe - 14%Si - 5 % Z n

(IV '-phase)

Fig. 6.2 : SE micrographs showing microsiructural features of a ZINCALUME casting containing
0.1 %Mg. (a) An interdendritic region showing the magnesium-bearing V-phase at A, the H'-phase at B
and the II-phase at C. 3500X. (b) An example of a very large needle-type quaternary intermetallic phase.
1200X.
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The addition of 0.5%Mg to the ZINCALUME alloy resulted in quite significant
microstructural changes. The first of these relates to the "coarsening" of the V-phase
mixture, which developed a distinctly lamellar form. Microanalysis at A in Fig. 6.3(a),
which highlights the coarsened V-phase, showed a composition of approximately
93% Zn-6% M g-l% A l (see App.2(m)). At B, the composition was shown to be
approximately 98%Zn-2%Al (see App.2(n)). Therefore it was proposed that the
magnesium addition resulted in an interdendritic eutectic composed of the H'-phase
(primary zinc) and a Zn-Al-Mg phase.

The second microstructural change was the appearance of large, discrete regions of a ZnAl-Mg phase in the most central areas of the interdendritic network. This phase,
highlighted at D in Fig. 6.3(b), was found to have the composition of approximately
81%Zn-17%Mg-2%Al (see App.2(o)) and was proposed to be based on the MgZn 2
phase (84.3%Zn-15.7%Mg). It was also proposed that this phase, hereafter referred to as
MgZn2, is the phase which forms the eutectic with the H'-phase. Perhaps the existence of
the eutectic components as discrete, but contacting regions, is evidence of the "divorced
eutectic" referred to by Kostron (105).

The third major change to the structure of ZINCALUME was the formation of a Mg-Si
intermetallic phase, shown at C in Fig. 6.3(a), with the composition of approximately
61%Mg-39%Si (see App.2(p)). It was proposed that this phase is based on the Mg2Si
phase (63.2%Mg-36.8%Si). Mg2Si existed as faceted particles, generally associated with
the zinc-rich eutectic mixtures and, more specifically, with the coarser magnesium
bearing eutectic phases. Unlike the non-magnesium bearing silicon particles (the Illphase), which tended to form with a distinctive "Chinese script" morphology, Mg2Si
tended to form substantial "blocks" in the interdendritic regions. It should be noted,
however, that the existence of Mg 2Si was not widespread at the magnesium content of
0.5%, and the Ill-phase remained the dominant silicon-bearing phase.
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(a)

A
B
C

: 93%Zn
: 98 %Zn
: 61 % M g

D

:

- 6%Mg - 1%A1
- 2%A1
- 3 9 %Si

(V-phase)
( I l’-phase)
(M g 2Si)

(b)

81 %Zn - 17%Mg - 2%AI

(M gZn2)

Fig. 6.3 : SE micrographs showing microstructural features of a ZINCALUME casting containing
0.5%Mg. (a) Interdendritic region showing coarse magnesium-bearing eutectic at A, primary zinc eutectic
component at B and an Mg2Si particle at C. 1900X. (b) Interdendritic region showing MgZn2 phase at D,
as a large discrete region alongside the coarse magnesium-bearing eutectic in the centre of the
interdendritic region. 3000X.
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There were no apparent changes to the structures or compositions of the aluminium-rich
matrix, the fine zinc-rich interdendritic eutectic or the quaternary intermetallic phases,
with no magnesium being detected.

The addition of 1.0%Mg to the ZINCALUME alloy had a similar effect as the addition of
0.5%Mg, in that the magnesium tended to segregate to the interdendritic regions, forming
a coarse Zn-Mg-Al eutectic (including large regions of MgZn 2) and Mg2Si particles.
However, in the 1.0%Mg alloy, this effect appeared to be more pronounced and
widespread. The SE micrograph presented in Fig. 6.4(a) shows the extent of this effect,
with the coarse magnesium-bearing eutectic phases forming an almost continuous
network throughout the microstructure. It is suggested that this observation might also
represent an increased volume fraction of interdendritic phases, though no quantitative
study was undertaken. The Mg 2Si phase, shown at A in Fig. 6.4(a), was closely
associated with the magnesium-bearing interdendritic phases, as expected, and formed
large particles in contrast to the "Chinese script" morphology of the silicon-phase, shown
at B. Figure 6.4(b) shows more clearly the effect on the interdendritic regions.

A secondary effect was a sharper transition in composition between the aluminium-rich
dendrites and the zinc-rich interdendritic regions.

As was the case for the ZINCALUME alloy with 0.5%Mg, there were no apparent
changes to the structure or composition of the other components of the 1.0%Mg alloy
(that is, the aluminium-rich dendrites, the zinc-rich eutectic or the quaternary intermetallic
phases).
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(a)

(b)

Fig. 6.4 : SE micrographs showing ihe microstructural features of a cast ZINCALUME alloy with
1.0%Mg. (a) The coarse magnesium-bearing inlerdendritic eutectic forming a continuous network
throughout the microstructure. Also highlighted are examples of the Mg2Si phase, at A, and the Illphase, at B. 500X. (b) Higher magnification showing the effect of the addition on the interdendritic
regions. 1500X.
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At the highest level of magnesium concentration, 2.5%, the most significant
microstructural change to the alloy seemed to be in the relative amounts of the silicon
bearing phases. There appeared to be a greater proportion of the Mg 2 Si phase than was
apparent in the alloy with 1.0%Mg. It was also obvious that the Mg2 Si phase formed
larger particles than those apparent in the alloy with 1.0%Mg. A typical example of these
large particles is shown at A in Fig. 6.5. Another difference was in the proportion of the
MgZn2 phase in the interdendritic network. It appeared that MgZn 2 was becoming more
predominant with increasing magnesium content (perhaps at the expense of the II'phase). Microanalysis in the very tine zinc-rich eutectic mixture (11-phase), at B in Fig.
6.5, showed a composition of 73%Zn-27%Al (see App.2(q)). Therefore, it was
concluded that magnesium was not incorporated into the II-phase.

There were no apparent changes to the structure or composition of other phases in the
microstructure with no magnesium being detected in the dendritic matrix or the quaternary
intermetallic phases.

Fig. 6.5 : SE micrograph highlighting the microstructural effects of the addition of 2.5%Mg to the
ZINCALUME alloy. A very large Mg2Si particle is marked by A, while B highlights the II-phase, where
magnesium was detected. 2000X.
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6 .1 .2 .3

C a lc iu m -C o n ta in in g A llo y s

As expected, the ZINCALUME alloy used for the calcium series coatings had essentially
the same composition and structure as the ZINCALUME alloy used for the magnesium
series and described in Section 6.1.2.1. With a calcium addition of 0.1%, two distinct
structural changes occurred. The first of these changes was the apparent modification of
the Ill-phase morphology. The Ill-phase appeared to be "fragmented" and existed as a
finer dispersion of silicon particles, as shown in Fig. 6.6(a). This effect occurred
throughout the microstructure and even though no calcium was found to be associated
with the silicon in these dispersions (using EDS microanalysis), the effect was
considered significant enough to be attributed to the presence of calcium.

The second change was the formation of a new Al-Si-Ca phase, shown at A in Fig.
6.6(b), with the composition of 39%Al-39%Si-22%Ca (see App.2(r)). The approximate
composition in atomic percent is 42%Al-42%Si-16%Ca. It is proposed that this was the
CaSi2Al2 phase discussed by Gladyshevski et al (123). CaSi2Al2 existed as large, faceted
"blocks" throughout the microstructure, and in some regions extended through both the Iphase matrix and interdendritic regions. It is suggested that these particles might exist in
the liquid alloy prior to solidification, or are at least among the first phases to form as the
alloy solidifies. This proposal is supported by the evidence that CaSi2Al2 does not appear
to form in the interdendritic regions following solidification of the dendrites, but exists
uninterrupted across dendrites and interdendritic regions.

There were no observed changes to the composition or microstructure of the other phase
components in the microstructure, when compared to the control alloy. There was no
calcium detected in the aluminium-rich denrites, the interdendritic zinc-rich phases or the
quaternary intermetallic phases using EDS microanalysis.
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(a)

(b )

Fig. 6.6 : SE micrographs showing the microstructural features of a cast ZINCALUME alloy
containing 0.1 %Ca. (a) The Ill-phase appears to be fragmented by calcium additions, though no calcium
was found to be associated with the particles. 1000X. (b) The CaSi2Al2 phase exists as large, faceted
blocks thoughout the microstructure, as shown at A. 700X.
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The addition of 0.2% calcium to the ZINCALUME alloy had a similar effect to the
addition of 0.1%. It is suggested that the observed change was slightly more extensive,
in terms of volume fraction of CaSi2Al2, though no quantitative analysis was undertaken.

With the addition of 0.5% calcium to the ZINCALUME alloy, there was one very
obvious extension to the structural changes observed at calcium additions of 0.1% and
0.2%. The CaSi2Al2 phase formed even larger particles, either "block" or thick "needle"
type, as shown in Figures 6.7(a) and (b), respectively. The composition of these particles
was essentially the same as that measured for the CaSi2Al2 phase in the lower calcium
content alloys. It is interesting to note the catastrophic fragmentation of the CaSi2Al2
particle shown in Fig. 6.7(a), though the cause of this phenomenon remains unexplained.
Similarly, no explanation can be offered for the observed differences in morphology of
the CaSi2Al2 phases shown in Figures 6.7(a) and (b).

There were no other changes observed in the microstructure of the ZINCALUME alloy,
and no calcium was detected in any of the other phases in the microstructure.

(b)

F ig . 6.7 : SE micrographs showing the microsiructural features of a cast ZINCALUME alloy
containing 0.5%Ca. (a) "Block" type CaSi2Al2 particle and a dispersion of smaller CaSi2Al2 particles.
700X. (b) Very large "Needle" type CaSi2Al2 particle. 500X.
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6 .1 .2 .4

G a lliu m -C o n ta in in g A lloys

The structure and composition of the ZINCALUME used for the gallium-series coatings
was essentially the same as that described in Section 6.1.2.1. There were no obvious
changes, to the microstructure of the ZINCALUME alloy with gallium additions up to
1.0%, as shown in Fig. 6.8. However, gallium was detected in an interdendritic region
in the 1.0%Ga alloy. The composition at A in Fig. 6.8(b) was approximately 54%A144%Zn-2%Ga (see App.2(s)). It was noted that this was an isolated example, however,
and conclusions could not therefore be drawn regarding the general segregative
tendencies of gallium additions. Gallium was not detected in the other phases, though it
should be noted that the limit of detection is only approximately 0.5% in EDS
microanalysis.

Fig. 6.8 : SE micrographs showing microstructiiral features of cast ZINCALUME alloys containing
gallium, (a) Interdendritic region in a 0.2%Ga alloy showing essentially the same structure as the
corresponding region in the ZINCALUME alloy. 2000X. (b) Interdendritic region in the 1.0%Ga alloy
showing no obvious change to the structure of the ZINCALUME alloy. 1000X.
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6 .1 .2 .5

C o p p e r-C o n ta in in g A llo y s

The ZINCALUME alloy used for the copper-series coatings was essentially the same in
structure as those used for the previous coating series. Additions of 0.05%Cu and
0.1 %Cu to the ZINCALUME alloy appeared to have no effect on the structure, as shown
in Figures 6.9(a) and (b), and the compositions of all phases were similar to those in the
alloy with no copper additions.

With the addition of 0.5% copper, changes were observed in the structure and
composition of the zinc-rich interdendritic eutectic phases, as shown in Fig. 6.10 (see
Appendices 2(t),2(u),2(v) and 2(w)). Using EDS analysis, copper was detected in all
parts of the eutectic mixture, from the coarse central regions (Il’-phase) to the
surrounding fine eutectic mixture (II-phase). The most marked structural change appeared
to be the formation of new copper-bearing phases within the If-phase region, shown at
A in Fig. 6.10. However, the scale of the change was too fine to permit further definition
of the phases present.

The effect of copper on the interdendritic regions, specifically the If-phase regions,
became more marked at the concentration of 1.0%. Fig. 6.11(a) shows quite substantial
change to the IF-phase region, with the more clearly defined phase mixture existing
within the H'-phase. This phase mixture, shown at A, was found to have a copper
concentration of approximately 4% (see App.2(x)), though identification of the copper
bearing phases involved was still not possible. Fig. 6.11(b) shows a rare example of a
high copper-bearing phase which was found to exist as a discrete phase region within the
If-phase. The composition of this phase, shown by B, was found to be approximately
52%Cu-41%Al-7%Zn (see App.2(y)). Due to the small size of the phase, and the likely
influence of the surrounding phases on the EDS microanalysis, determination of the
identity of this phase is not considered feasible. However, the high copper content
highlights the tendency for copper additions to segregate to the interdendritic eutectic
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regions of the ZINCALUME alloy. This tendency for segregation is further supported by
the fact that no copper was detected in any of the other phases in the ZINCALUME alloy.

(a)

Fig. 6.9 : SE micrographs showing the microstructural features of a cast ZINCALUME alloy with
copper additions, (a) 0.05%Cu alloy showing no obvious structural change. 1000X. (b) 0.1%Cu alloy
also showing no obvious effect. 1000X.
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A
B
C
D

:
:
:
:

83 %Zn
97%Zn
69%Zn
75%Zn

- 13 % A1 - 4%Cu
- 1 % A1 - 2 % C u
- 3 0 % A1 - 1 %Cu
- 2 4 % Al - 1 %Cu

Fig. 6.10 : SE micrograph showing a modified inicrdcndritic regions in a cast ZINCALUME alloy
with 0.5%Cu. New copper-bearing phases within the Il'-phasc region are highlighted at A. 3000X.
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(a)

A

:

87%Zn - 9%AI - 4%Cu

B

:

52%Cu - 41%AI - 7%Zn

(b)

Fig. 6.11 : SE micrographs showing the microslructural features of a cast ZINCALUME alloy
containing 1.0%Cu. (a) More clearly defined copper-bearing phase mixture, at A, developing within the
Il'-phase. 3500X. (b) High copper-bearing phase, at B, within the H'-phase region. 3000X.
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6.2

Coating Compositions and Structures

The compositions and microstructures of the coatings produced, using the alloys
discussed in Section 6.1, are presented in this section. The presentation begins with the
consideration of the chemical analyses of the coatings in Section 6.2.1. Particular
reference is made to the concentrations of the minor alloying additions of magnesium,
calcium, gallium and copper. The surface appearance of the coatings for each of the alloy
addition concentrations is then discussed in Section 6.2.2, with reference to the surface
topography of the coating overlay and the intermetallic alloy layer.

The microstructural analysis of the coatings is presented in Section 6.2.3, and involves
comparison of any changes with those in the corresponding alloy. As was the case in the
investigation of the alloy, the microstructure of the control coating is discussed first to
establish the typical structure of the laboratory-produced ZINCALUME coating. The
coatings with magnesium additions are then discussed, followed by the calcium, gallium
and copper series coatings, in turn. Only obvious changes to the typical ZINCALUME
microstructure are highlighted, and relevant EDS analyses are presented in Appendix 3.

In Section 6.2.4, the m icrostructural characteristics o f laboratory-produced
ZINCALUME are compared with those of ZINCALUME produced commercially at
BHP Steel - Sheet and Coil Products Division. The purpose of this comparison
is to provide a basis for consideration of the applicability of the present results to
commercial ZINCALUME.

6 .2 .1

C o atin g C om positions

Coating compositions for the four series of alloy additions are presented in Table 6.5.
The abscence of results for the 0.5%Mg and 1.0%Cu coatings is due to experimental
errors in coating dissolution for analysis. Samples have been submitted for retest but the
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Coating Composition (wt%)
Coating

A1

Zn

Si

Fe

Mg

Mg Control
0.1 %Mg
0.5%Mg
1.0%Mg
2.5%Mg

53.2
53.8
52.0
52.4

38.5
38.5

2.0
1.9

5.9
5.5

<0.005
0.09

-

-

-

.

39.6
37.5

2.0
1.7

5.5
6.4

0.84

.

.

1.88

-

-

-

Ca Control

52.9

39.9

2.0

5.2

-

-

0.1 %Ca
0.2%Ca
0.5%Ca

53.8
54.2
54.3

38.6
36.9
37.0

1.9
1.9
1.6

5.6
6.6
6.6

-

-

Ga Control
0.05%Ga
0.2%Ga
0.5%Ga
1.0%Ga

55.4
55.4
56.2
54.6
54.9

34.6
37.8
35.1
38.0
36.4

2.1
2.0
2.2
2.0
2.0

7.8
4.7
6.2
4.9
5.7

Cu Control
0.05%Cu
0.1 %Cu
0.5 %Cu
1.0%Cu

53.8
53.1
52.9
52.6
“

38.6
40.0
40.4
40.6
•

2.0
2.0
2.0
1.9

5.5
4.9
4.6
4.5
•

-

.

Ca

Cu

_
.

<0.000
1

-

0.09
0.18
0.40

.

_

-

.

.

Ga

<0.01

-

-

0.06
0.19
0.49
0.90

-

-

_

.

-

-

_

-

-

.

*

“

-

<0.005
0.04
0.07
0.41
-

Table 6.5 : Compositions for the coatings produced in each of the alloy addition series' in the present
work. Control = ZINCALUME coating with no alloy addition for each series. All compositions are
weight percent.
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results were unavailable at the time of writing. Since there is quite close correlation
between the alloy and coating compositions generally, it is assumed that the composition
of the 0.5%Mg and 1.0%Cu coatings is similar to the composition of the corresponding
alloy, presented in Section 6.1.1.

The high iron concentrations are expected and are a result o f the dissolution of the
intermetallic alloy layer along with the coating in the chemical analysis. It is clear from the
results that, in general, the nominal concentrations specified were closely approximated in
the coatings. The slightly lower results for the addition concentrations, by comparison
with the results from the alloys, is a consequence of the high iron content and, if the
compositions were to be normalized with the iron concentration set to approximately
0.4%, the addition concentrations would even more closely approximate those given for
the alloys. It can therefore be concluded that the double-dipping method was successful
in providing coatings of the desired compositions.

6 .2 .2

Surface Appearance

In this section, the surface topography of the coating overlays and the intermetallic alloy
layers are considered. It is proposed that the characterisitics of the coating surfaces will
reveal changes to the overlay structure relevant to coating corrosion and/or mechanical
behaviour. Analysis of the alloy layer topography is considered important as this surface
has been identified as a possible influence on the mechanical behaviour of these coatings
when subjected to bending deformation.
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6.2.2.1

The ZINCALUME Coating Overlays

Two main aspects of surface appearance were investigated: the grain size and general
appearance of the coatings (using optical microscopy), and the dendritic pattern of the
coatings (using electron microscopy). The physical appearance of the modified coatings
was considered and compared to that of the control coatings from each series, as these
were found to be very similar to typical ZINCALUME surfaces.

6.2.2.1.1

Magnesium Series

The series of photomicrographs presented in Fig. 6.12 shows the surface appearance of
coatings with up to 2.5%Mg as minor alloying additions. Clearly, there was little
appreciable difference, in the grain size or general appearance, between the control
coating with no magnesium (shown in Fig. 6.12(a)) and coatings containing 0.1%, 0.5%
and 1.0% magnesium (shown in Figures 6.12(b),(c) and (d), respectively). However, at
the magnesium concentration of 2.5%, there appeared to be considerable grain refinement
to the extent that individual grains were no longer distinguishable (as shown in Fig.
6.12(e)). There were also horizontal lines apparent, most probably ridges of surface
oxide drawn from the liquid alloy surface during the galvanizing process.

The SE micrographs of coatings with up to 1.0%Mg show the typical dendritic
microstructure of ZINCALUME coatings. This consisted of large, uniform grains with
unrestricted growth in the field of view, as shown by Figures 6.13(a) to (d). At the
addition concentration of 2.5%Mg, the extent of dendritic growth was much smaller with
grains impinging on one another and restricting growth during solidification. The result
was a much smaller and less uniform granular structure, as shown in Fig. 6.13(e).
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(a) Mg Control

(b) 0.1 %Mg

(c) 0.5%Mg

(d) 1.0%Mg

(e) 2.5%Mg

Fig. 6.12 : (a) to (e) Photomicrographs showing the unetched surface appearance of coatings in the

magnesium-series, from the control coating with no magnesium addition, to the
coating. 6.5X.

2.5%

magnesium
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(a) Mg Control

(b )

0.1 %Mg

(c) ().5%Mg

(d) 1.0%Mg

(e) 2.5%Mg

Fig. 6.13 : (a) to (e) SE micrographs showing the unctchcd surfaces of magnesium-series coatings to
highlight the dendritic pattern of the aluminium-rich matrix. 55X.
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6.2.2.1.2

Calcium Series

The grain size of the coatings in the calcium series appeared to follow a similar trend,
with increasing alloy addition, as those in the magnesium series. There appeared to be
little change in the grain size or distribution between the control coating shown in Fig.
6.14(a), with no calcium addition, and those with 0.1% and 0.2%Ca shown in Figures
6.14(b) and (c), respectively. However, at the calcium concentration of 0.5%, there
appeared to be substantial refinement of the grain size of the coating, as shown in Fig.
6.14(d). This effect was perhaps not as pronounced as that noted for the addition of
2.5%Mg, but was nevertheless obvious. It should also be noted that a very fine "skin" of
surface contaminant was evident on the calcium-bearing coatings. As for the highmagnesium coating, this was attributed to oxide dross formation on the surface of the
liquid alloy during the galvanizing process.

The SE micrographs support these observations. The typical dendritic structure of the
ZINCALUME coating, shown in Fig. 6.15(a), was also observed in the coatings with
0.1% and 0.2%Ca, shown in Figures 6.15(b) and (c), respectively. However, at the
calcium concentration of 0.5%, shown in Fig. 6.15(d), there appeared to be a
considerable decrease in grain size. The greater extent of impingement of adjacent grains
during solidification has resulted in a much finer, and less uniform, dendritic structure.
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(c) 0.2%Ca

(d) 0.5%Ca

Fig. 6.14 : (a) to (d) Photomicrographs showing the unctched surface appearance of coatings in the
calcium-series, from the control coaling with no calcium addition, to the 0.5% calcium coating. 6.5X.

(c) 0.2%Ca

(d )

0.5%Ca

Fig. 6.15 : (a) to (d) SE micrographs showing the unctched surfaces of calcium-series coatings to

highlight the dendritic pattern of the aluminium-rich matrix. 55X.
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6.2.2.1.3

Gallium Series

The coatings in the gallium series, with up to 1.0%Ga, appeared to exhibit no appreciable
difference in surface appearance when compared to the control coating with no gallium
addition, as shown in Figures 6.16(a) to (e). Apart from the normal variation, there was
no trend in grain size evident, and no extraordinary surface characteristics. The dendritic
structure of individual grains for gallium additions of up to 1.0% also appeared to have
little effect, as shown by the electromicrographs in Figures 6.17(a) to (e).

6.2.2.1.4

Copper Series

Additions of up to 1.0% copper appeared to have no obvious effect on the grain size or
general appearance of the ZINCALUME coating, as shown by Figures 6.18(a) to (e).
The SE micrographs presented in Figures 6.19(a) to (d) show no appreciable effect on
the dendritic structure with copper additions of up to 0.5%. At the copper concentration
of 1.0%, there appeared to be a slight reduction in grain size in the field shown in Fig.
6.19(e). However, after referring to the general appearance of the 1.0%Cu coating,
presented in Fig. 6.18(e), and comparison with the control coating in Fig. 6.18(a), this
was not considered to be significant. This result is in agreement with the findings of
Memmi and Giardetti (151) who found that copper did not seem to affect the surface
morphology of coatings with 20-60% aluminium.
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(a) Ga Control

(b) 0.05 %Ga

(c) 0.2%Ga

(d) 0.5%Ga

(e) 1.0%Ga

Fig. 6.16 : (a) to (e) Photomicrographs showing the uneiched surface appearance of coatings in the
gallium-series, from the control coating with no gallium addition, to the 1.0% gallium coating. 6.5X.
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(a) Ga Control

(b) 0.05 %Ga

(c) 0.2%Ga

(d) 0.5%Ga

(e) 1.0%Ga

Fig. 6.17 : (a) to (e) SE micrographs showing the unetched surfaces of gallium-series coatings to
highlight the dendritic structure of the aluminium-rich matrix. 55X.
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(a) Cu Control

(b) 0.05%Cu

(c) 0.1 %Cu

(d) 0.5%Cu

(e) 1.0%Cu

Fig. 6.18 : (a) to (e) Photomicrographs showing the unetched surface appearance of coatings in the
copper-series, from the control coating with no copper addition, to the 1.0% copper coating. 6.5X.
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(a) Cu Control

(b) 0.05%Cu

(d) 0.5%Cu

(e) 1.0%Cu

Fig. 6.19 : (a) to (e) SE micrographs showing the unetched surfaces of copper-series coatings to

highlight the dendritic structure of the aluminium-rich matrix. 55X.
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6.2.2.2

The Intermetallic Alloy Layers

The surface of the intermetallic alloy layers was exposed using the etching technique
described in Section 5.2.1. Two main aspects of surface topography were considered,
and these were the form and distribution of the silicon particles which remain attached to
the underlying alloy layer, and the morphology of the alloy layer surface.

6.2.2.2.1

Magnesium Series

The control sample, with no magnesium, was characterized by a typical distribution of
silicon particles remaining attached to the alloy layer, as shown in Fig. 6.20(a). The
particles tended to follow a dendritic pattern, and this is considered to be evidence that the
silicon forms mainly in the interdendritic regions of the coating. Fig. 6.20(b) shows more
clearly the morphology of these silicon particles in the control coating. At the magnesium
content of 0.1%, there appeared to be a slight decrease in the density of silicon particles,
as shown in Fig. 6.20(c), though the effect was not considered significant due to the
normal variation observed during examination of each sample. At magnesium contents of
0.5% and 1.0%, the density and distribution of silicon particles appeared to be
comparable with that of the control and 0.1 %Mg coatings, as shown in Figures 6.20(d)
and (e). At the magnesium content of 2.5%, however, there was significant change in the
density of silicon particles remaining attached to the intermetallic alloy layer, with very
few silicon particles apparent, as shown in Fig. 6.20(f). Analysis of the alloy samples in
Section 6.1.2.2 revealed a new silicon-bearing phase, Mg 2Si, at the magnesium
concentration of 0.5%. As will be shown in Section 6.2.3, this phase was the
predominant silicon-bearing phase in the coatings at the magnesium concentration of
2.5%. It is suggested that the abscence of Mg 2Si in the surface topography is a result of
dissolution of this phase in the etchant.
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The surface topography of the quaternary intermetallic alloy layer, shown clearly in Fig.
6.20(b), was characterized by random outgrowths of the intermetallic phase (up to
approximately 3 Jim in diameter). This alloy layer surface topography is considered
normal for ZINCALUME coatings (see Section 6.2.4.1) and magnesium additions did
not appear to have any effect.

(e) 1.0%Mg

(f) 2.5%Mg

Fig. 6.20 : SE micrographs showing surface topographies of the intermetallic alloy layer for the
coatings containing magnesium, (a) Control, no magnesium. 200X. (b) Control, no magnesium. 1000X.
(c) to (f) 0.1 %Mg to 2.5%Mg. 200X.

-

6 .2.2.2.2
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Calcium Series

The control sample in the calcium series, shown in Figures 6.21(a) and (b), displayed
similar silicon particle distribution and morphology as the magnesium series control.
However, at the calcium concentration of 0.1%, there was significant change in the
morphology and distribution of the silicon particles. Fig. 6.21(c) shows fewer, larger
particles with distinctively different morphology. Fig. 6.21(d) shows these particles at a
higher magnification, highlighting this change in particle morphology. In the analysis of
alloy samples in Section 6.1.2.3, it was found that the calcium addition of 0.1% was
accompanied by modification of the silicon particles, where the particles appeared to be
fragmented by the calcium additions. Whether the observed changes in the alloy surface
are due to the same effect remains unclear. There were also significant areas where there
appeared to be a low density of silicon particles, and it is suggested this may be due to a
similar effect as that seen in the magnesium series. That is, in the 0.1% calcium alloy
analysed in Section 6.1.2.3, a new silicon-bearing phase, identified as CaSi2Al2, was
formed. It will be shown in Section 6.2.3.3 that CaSi2Al2 also existed in the 0.1 %Ca
coating, and the abscence of this phase on the alloy surface in the present analysis may be
accounted for by the dissolution of this phase in the etchant (in the same way that Mg2Si
is proposed to dissolve in the 2.5%Mg coating). This suggestion seems plausible
considering the distribution of the silicon particles on the alloy layer in the 0.2%Ca
coating, where even fewer silicon particles existed, as shown in Fig. 6.21(e). Those
silicon-bearing particles that were present had the modified morphology referred to in the
0.1%Ca sample. This effect parallelled the increase in CaSi2Al 2 in the 0.2% alloy
sample. The 0.5%Ca sample exhibited similar silicon phase distribution and morphology
as the 0.2%Ca sample, as shown in Fig. 6.20(f), with few, large particles existing in
patches across the alloy surface.

There appears to be no change to the surface topography of the intermetallic alloy layer
with increasing calcium content.
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(a) Ca Control

(b) Ca Control

(c) 0.1 %Ca

(d) 0.1 %Ca

(e) 0.2%Ca

(f) 0.5%Ca

F ig. 6 .2 1 : SE micrographs showing the surface topography of the intermetallic alloy layer for the
coatings containing calcium, (a) Control, no calcium. 200X. (b) Control, no calcium. 1000X. (c)
0.1 %Ca. 200X. (d) 0.1 %Ca. 1000X. (e) 0.2%Ca. 200X. (0 0.5%Ca. 200X.
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6 .2 .2 .2 .3

Gallium Series

There was no apparent change to the silicon particle size, distribution or morphology
from the control sample to the 1.0%Ga sample, as shown in Figures 6.22(a) to (e). It
therefore appeared that gallium had no effect on the silicon particles.

Similarly, there was no obvious effect on the surface topography of the intermetallic alloy
layer with increasing gallium content.

6 .2 .2 .2 .4

Copper Series

The copper containing samples exhibited no clear trends with increasing copper content,
with respect to changes to silicon particle size, distribution and morphology, as shown in
Fig. 6.23. Though some difference in particle density may have been evident between,
for exam ple, the 0.5% Cu sample (shown in Fig. 6.23(d)) and the 1.0%Cu sample
(shown in Fig. 6.23(e)), this was considered to be a localized effect and not significant.
The same applied to the control sample shown in Fig. 6.23(a), where there was a lower
density o f silicon particles in comparison to the control samples for the magnesium,
calcium and gallium series.

There was also no obvious effect on the surface topography of the intermetallic alloy
layer with increasing copper content.
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(a) Ga Control

(b) 0.05%Ga

(c) 0.2%Ga

(d) 0.5%Ga

(e) 1.0%Ga

F ig . 6 .2 2 : SE micrographs showing the surface topography of the intermetallic alloy layer for the
coatings containing gallium, (a) to (e) Control, with no gallium, to 1.0%Ga. 200X.

(b) 0.05 %Cu

(a) Cu Control

(c) 0.1 %Cu

(d) 0.5%Cu

(e) 1.0%Cu

: SE micrographs showing the surface topography of the intermetallic alloy layer for
coatings containing copper, (a) to (e) Control, with no copper, to 1.0%Cu. 200X.

F ig . 6 .2 3
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6 .2 .3

Coating Microstructures

In this section, a detailed account of the effects of the minor alloying additions on the
microstructure of ZINCALUME coatings is presented. It should be noted that, where
appropriate, reference to the results in Section 6.1.2 is made for the purpose of
comparing the alloy and coating microstructures. The typical "double-dipped"
ZINCALUME microstructure is presented first, with scanning electron (SE) micrographs
to illustrate the typical features and EDS microanalysis to facilitate phase identification.
The compositional analyses are presented in Appendix 3.

The effects of each of the four series of additions are considered in turn and, for each
series, the coatings are discussed with respect to increasing concentration of the addition.
The discussion focusses primarily on new developments in the microstructure, and SE
micrographs and analyses are not necessarily provided where there is no significant
change to the coating microstructure.

6.2.3.1

Magnesium Series Control Coating

The microstructure of the control coating, shown in Fig. 6.24(a), was typical of "DoubleDipped" ZINCALUME. It was composed of cored aluminium-rich dendrites (I-phase)
with zinc-rich interdendritic regions (II-phase). The quaternary intermetallic alloy layer
was approximately 4 |im thick and silicon-rich particles (Ill-phase) were found to be
associated with the alloy layer as well as existing as "free" particles in the coating. The
relative "fineness" of the dendritic matrix, compared to the alloy structures presented in
Section 6 . 1.2, is a result of the accelerated cooling rate used in the production of the
coatings.

Fig. 6.24(b) shows a field on which EDS analyses of various phases were undertaken.
At A, the central region in the aluminium-rich dendrite, the composition was found to be
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approximately 72%Al-28%Zn (see App.3(a)). This was essentially the same composition
as the aluminium-rich dendrites in the control alloy in Section 6.1.2.

At B, the most central region of the interdendritic zinc-rich regions, the composition was
found to be approximately 95%Zn-5%Al (see App.3(b)). It was concluded that this was
the same phase referred to as H'-phase in the alloy microstructures. The surrounding
zinc-rich interdendritic eutectic, highlighted at C, was found to have the composition of
approximately 81%Zn-19%Al (see App.3(c)), similar to the corresponding region in the
alloy structure. It should be noted that there were many small voids apparent in the
interdendritic regions, most probably due to the accelerated cooling.

The silicon-rich phase (Ill-phase), shown at D in Fig. 6.24(b), was found to have the
composition 87%Si-8%Al-5%Zn (see App.3(d)). The composition of the Ill-phase in the
alloy was approximately 96%Si-4%Al. The higher levels of aluminium and zinc in the
former are believed to be due to the surrounding AlZn matrix, influencing the result
because of the fineness of the silicon needles. It is proposed that the silicon-rich phase in
the coating is primarily the same as the silicon-rich solid solution referred to in the alloy
in Section 6.1.2.1.

Analysis of the intermetallic alloy layer at E and F, showed respective compositions of
approximately 56%Al-25%Fe-10%Zn-9%Si for the top layer (see App.3(e)) and 60%A133%Fe-4%Zn-3%Si for the bottom layer (see App.3(f)). These results compare
favourably with the results proposed by Mercer et al (40), which showed compositions
of 56%Al-25%Fe-ll%Zn-8%Si for the top alloy layer and 58%Al-38%Fe-2%Zn-2%Si
for the bottom layer (FeAl3). Selverian et al (38) proposed that the layer most adjacent to
the coating overlay was actually composed of two phases, the T 5H and T 5C phases, with
com positions of 58% Al-33% Fe-l% Zn-8% Si and 57%Al-30%Fe-7%Zn-6%Si,
respectively. It can be seen that the present results agree favourably with these
measurements.
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(a)

(b)

A
B
C
D
E
F

72% A1
95% Zn
81% Zn
87 % Si
56% AI
60 % A1

-

28% Zn
5%A1
19% AI
8%A1 - 5%Zn
25% Fe - 10% Zn - 9 % S i
33% Fe - 4%Zn - 3 % S i

(I-phase)
(H '-phase)
(II-phase)
(Ill-p h ase)

Fig. 6.24 : SE micrographs showing (a) the typical cross-sectional microstructure of a "DoubleDipped" ZINCALUME coating. 1500X, and (b) individual components of the coating microstructure.
2500X.
"
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6.2.3.2

Magnesium-Containing Coatings

With the addition of 0.1 %Mg, there were no obvious changes to the microstructure of the
coatings, as shown in Fig. 6.25(a). The only observed difference was the presence of
magnesium in the most central zinc-rich region, represented at A in Fig. 6.25(b). The
composition at A was found to be approximately 94%Zn-3%Al-3%Mg (see App.3(g)).
The corresponding phase region in the alloy microstructure (shown at A in Fig. 6.2(a))
had the composition of approximately 90%Zn-6%Al-4%Mg and was designated the Vphase. It is therefore proposed that the phase in the most central regions of the
interdendritic in the coating is also the V-phase. No other changes were observed and the
composition and appearance of the aluminium-rich dendrites (I-phase), the fine zinc-rich
eutectic (II-phase), the silicon "needles" (Ill-phase) and the quaternary intermetallic layer
(IV-phase) were consistent with the control coating.

With the addition of 0.5%Mg, there were two significant changes to the microstructure.
The first of these was the presence of an Mg-Si phase growing from the intermetallic
alloy layer, as shown at A in Fig. 6.26(a). The composition of this phase was found to
be approximately 61%Mg-39%Si (see App.3(h)) and is consistent with that of the phase,
M g 2Si, which appeared at the magnesium concentration of 0.5% in the alloy
microstructure presented in Section 6.1.2.2. However, it should be noted that the
occurrence of this phase was not common in the 0.5%Mg coatings, and the predominant
silicon-bearing phase was the Ill-phase.

The second of the changes was the presence of a homogeneous phase in the most central
regions of the zinc-rich interdendritic regions, as shown at B in Fig. 6.26(b). This phase
was found to have the approximate composition of 82%Zn-16%Mg-2%Al (see
App.3(i)). It is therefore proposed that this phase is MgZn2, which was observed at the
same magnesium concentration in the alloy samples.

- 161 -

Magnesium was also detected in the II-phase regions (the fine interdendritic zinc-rich
regions). Analysis at C in Fig. 6.26(b) showed a composition of approximately 87%Znl% A l-ll% M g (see App.3(j)), though magnesium concentration in the II-phase was not
usually this high. Since there was no magnesium detected in the I-phase, the Ill-phase or
the IV-phase, it is proposed that magnesium segregates primarily to the interdendritic
regions in the 0.5%Mg coatings.

(a)

(b)

Fig. 6.25 : SE micrographs showing the typical microstructure of a "Double-Dipped" ZINCALUME

coating containing 0.1 %Mg, (a) 1500X. (b) 2500X.
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Fig. 6.26 : SE micrographs showing the typical microstructure of a "Double-Dipped" ZINCALUME
coating containing 0.5%Mg, (a) 1500X. (b) 2500X.
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The microstructure of the coatings containing 1.0%Mg was very similar to that of the
coatings containing 0.5%Mg, as shown in Fig. 6.27(a). Perhaps the only notable
difference was the greater volume fraction of MgZn 2, though no attempt was made to
quantify this. It was also noted that there appeared to be clearer definition between the
zinc-rich interdendritic regions and the aluminium-rich dendrites, as shown in Fig.
6.27(b). This confirms the result presented in Section 6.1.2.2, where the same effect was
noted for the alloy sample with a 1.0%Mg addition.

No magnesium was detected in the aluminium-rich regions, or the quaternary
intermetallic alloy layer, though some magnesium was detected in the fine zinc-rich
eutectic. The composition at A in Fig. 6.27(b) was approximately 80%Zn-15%Al-5%Mg
(see App.3(k)). However, this was not a consistent result, and at some II-phase regions
no magnesium was detected at all.

With 2.5%Mg, the most significant change relates to an increase in the volume fraction of
the Mg 2Si phase. Figure 6.28 is an example of a typical ZINCALUME + 2.5%Mg
structure, showing Mg 2Si growing from the quaternary intermetallic alloy layer.
Compositional analyses showed that all of these silicon-rich particles were Mg2Si, and no
Ill-phase particles were detected. This result may explain the non-existence of silicon-rich
particles on the exposed alloy surface of the 2.5%Mg coating, presented in Fig. 6.20(f).
Generally, the silicon-rich particles remained on the alloy layer because they were inert to
the chemical etchant (arsenic-inhibited hydrochloric acid) used to remove the coating
overlay. However, if Mg2Si was not inert to the etchant, then the Mg2Si particles would
also dissolve and there would be no particles remaining attached to the alloy layer, as
appears to be the case in Fig. 6.20(f). The large and numerous particles of Mg2Si might
also be responsible for the observed grain refinement (see Figures 6.12(e) and 6.13(e)),
as Marder (43) has suggested that silicon particles at the alloy/overlay interface act as sites
for dendrite nucleation.
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It is also possible to distinguish the coarse Zn-Mg eutectic, shown at A in Fig. 6.28,
which had the composition of 95%Zn-5%Mg (see App.3(l)). It is proposed that this is
the Zn-MgZn 2 eutectic referred to in the discussion of the alloy samples in Section
6.1.2.2. It was noted that magnesium was not detected in the fine zinc-rich regions, the
aluminium-rich dendrites, or the quaternary intermetallic alloy layer.

From this discussion, it appears that the structural changes observed in the alloy samples
are reproduced consistently in the coatings. It therefore seems reasonable that the alloy
microstructures can be used as a convenient guide to the expected structural changes in
actual coatings (at least for the magnesium-series).
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(b)

Fig. 6.27 : SE micrographs showing the micrestructure of a "Double-Dipped" ZINCALUME coating
containing 1.0%Mg. (a) 1500X. (b) 2500X.
~
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Fig. 6.28 : SE micrograph showing the microstructurc of a "Double-Dipped" ZINCALUME coaling
containing 2.5%Mg. 1500X.

- 167 -

6.2.3.3

Calcium-Containing Coatings

The microstructure of the control coatings for the calcium-series was essentially the same
as that of the control for the magnesium-series, as shown in Figures 6.24(a) and (b).
With the calcium addition of 0.1%, the only obvious change to the microstructure was to
the morphology of the silicon-rich particles. These particles seemed to be fragmented into
smaller particles, as shown in Fig. 6.29(a). This modification was consistent with the
change to silicon-rich particle morphology that was noted in the alloy microstructure and
discussed in Section 6.1.2.3. It should be noted, however, that no calcium was detected
in, or associated with, these particles using EDS analysis, but the effect was considered
significant enough to be attributed to the presence of calcium. The proposal for this effect
is further supported by the results presented in Section 6.2.2.2.2, where it is clearly
shown that calcium additions have an effect on the morphology and distribution of the
silicon-rich particles. The example of the 0.1 %Ca coating, presented in Fig. 6.21(d),
shows a much more highly faceted silicon particle morphology than that observed in the
control coating and shown in Fig. 6.21(b).

There was also an example of a Ca-Si-Al containing phase, shown at A in Fig. 6.29(b),
with the composition of 39%Al-39%Si-22%Ca (see App.3(m)). It was proposed that this
was the phase, CaSi2A l 2, which was evident in the 0.1 %Ca alloy microstructure
discussed in Section 6.1.2.3. However, this was an isolated example and CaSi2Al2 was
not detected elsewhere in the 0.1 %Ca coating.

Apart from these obvious effects, there seemed to be no evidence of microstructural
change due to the calcium addition of 0.1%. The appearance and composition of the
aluminium-rich dendrites, the zinc-rich interdendritic phases and the quaternary
intermetallic alloy layer remained unchanged.
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The addition of 0.2%Ca resulted in similar microstructural change to that noted in the
0.1 %Ca coating, with silicon-rich particle modification, shown in Fig. 6.30(a), and
perhaps more extensive regions of CaSi2Al2, as shown at A in Fig. 6.30(b). Otherwise
the structure was similar to that of the control coating. It is interesting to note these
limited changes in comparison with the substantial change to the surface appearance of
the intermetallic alloy layer in the 0.2%Ca coating, shown in Fig. 6.21. It is in the
0.2%Ca coating that the abscence of silicon particles on the alloy layer surface is most
noticeable. Perhaps the CaSi2Al2 particles were dissolved by the etchant in the same way
that was proposed for the Mg2Si particles in the magnesium-containing coatings. It may
therefore be that the increase in CaSi2Al2 particle size and density was more significant
than was apparent from the observations of coatings in cross-section.

With the addition of 0.5%Ca, the formation of very large "block"-type CaSi2Al2 particles
became evident, as shown in Figures 6.31(a) and (b). These particles, which were
primarily associated with the quaternary intermetallic alloy layer, were much more
prominant than in the 0.1 %Ca and 0.2%Ca coatings, replacing the "needle"-type silicon
particles as the predominant silicon-rich phase in the coating. Referring to the alloy layer
surfaces presented in Section 6.2.2.2.2, it is interesting to note that the CaSi2Al2 particles
are absent in the coatings containing 0.5% calcium, as was the case for the alloy layer
surface in the 0.2%Ca coating. It is proposed that the very large CaSi2Al2 particles in the
0.5%Ca coating might be responsible for the observed grain refinement discussed in
Section 6.2.2.1.2, according to the model proposed by Marder (43).

With respect to the other features of the microstructures, it appears that the calcium
addition had no other apparent microstructural effects.
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(b)

Fig. 6.29 : SE micrographs showing the microsiructural features of a "Double-Dipped" ZINCALUME

coating containing 0.1 %Ca. (a) modification of the silicon particles (2500X), and (b) a CaSi2Al2 particle
(2500X).
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(a)

Fig. 6 3 0 : SE micrographs showing the microstructure of a "Double-Dipped” ZINCALUME coating
containing 0.2%Ca. (a) silicon particle modification (2500X), and (b) CaSi2Al2 particle (3000X).
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(a)

(b)

Fig. 6.31 : (a) and (b) SE micrographs showing the "block"-type CaSi2Al2 particles evident in the
0.5%Ca coatings. 2500X.
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6 .2 .3 .4

G a lliu m -C o n ta in in g C o atin g s

The microstructure of the gallium-series control coating was essentially the same as for
the control coating described in Section 6.2.3.1. Gallium additions of up to 1.0%
appeared to have no effect on this microstructure, as shown in Figures 6.32(a) and
6.32(b). Gallium was detected in the interdendritic region marked by A in Fig. 6.32(b)
and the composition at this point was found to be approximately 49%Zn-48%Al1.5%Ga-1.5%Fe (see App.3(n)). It should be noted, however, that this was an isolated
example, as was the case for the alloy sample, and not to be considered as a general
indication of the segregative tendencies of gallium in ZINCALUME. No gallium was
detected in any of the other phases in the coating.

(a)

(b)

Fig 6.32 : SE micrographs of the microstructurc of "Double-Dipped" ZINCALUME coatings
containing gallium, (a) 0.2%Ga. 1500X. (b) 1.0%Ga. 1500X.
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6 .2 .3 .5

C o p p e r-C o n ta in in g C o atin g s

The microstructure of the control coatings for the copper-series was the same as that
described for the magnesium-series control coating in Section 6.2.3.1. With the addition
of 0.05% and 0.1% copper, there were no appreciable changes to the observed
microstructure and there was no copper detected in any of the structural features.

With the addition of 0.5%Cu, there were appreciable amounts of copper detected in the
central regions of the coarse zinc-rich interdendritic (H'-phase). For example, the
composition at A in Fig. 6.33(a) was found to be approximately 94%Zn-2%Al-4%Cu
(see App.3(o)). This is consistent with the results for the 0.5%Cu alloy sample discussed
in Section 6.1.2.5, and the copper-bearing phases were similarly too small to allow more
accurate identification using the present techniques.

There was also approximately 1.0% copper (see App.3(p)) detected in the region of the
alloy layer adjacent to the Zn-Al coating, shown at B in Fig. 6.33(a). This result suggests
that copper is incorporated into the growing alloy layer without altering the surface
morphology, as was shown by the surface analysis presented in Section 6.2.2.2.4. It
should be noted, however, that copper was not found to be associated with the
quaternary intermetallic phase (IV-phase) in the 0.5% copper alloy sample (Section
6.1.2.5). This would seem to suggest that copper is not incorporated into the quaternary
intermetallic phases. It is possible that a zinc-rich region along the alloy/overlay interface
might provide a source of copper to influence the analysis of the top alloy layer.
However, this explanation seems unlikely since there was no zinc-rich region obvious in
the immediate vicinity of the point of analysis (that is, at B).

No copper was detected in any of the other structural features (viz the aluminium-rich
dendrites, the silicon particles or the fine zinc-rich interdendritic eutectic phases).
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The coatings containing 1.0% copper were characterized by further microstructural
changes, such as the detection of copper in the fine zinc-rich eutectic regions (II-phase).
For example, the composition at C in Fig. 6.33(b) was found to be approximately
65%Zn-33%Al-2%Cu (see App.3(q)).

There was also a higher copper content in the regions of the quaternary intermetallic alloy
layer adjacent to the coating. The composition at D in Fig. 6.33(b) was found to be
approximately 54%Al-22%Fe-10%Si-12%Zn-2%Cu (see App.3(r)). It therefore seems
that as the copper content of the alloy increases beyond 0.5%, the copper content in the
quaternary intermetallic layer increases also. However, similar to the case of the 0.5%Cu
coatings, there appears to be no effect on the morphology of the alloy layer surface (see
Section 6.2.2.2.4).

The composition of the coarse zinc-rich interdendritic phases, shown at E in Fig.
6.33(b), was found to be approximately 79% Zn-14% Al-l% Si-l% Fe-5% Cu (see
App.3(s)). This composition is very similar to that of the interdendritic copper-bearing
phases in the 1.0%Cu alloy sample described in Section 6.1.2.5.

There was no copper detected in the aluminium-rich dendrites or the silicon-rich particles.
It is therefore proposed that copper segregates to the zinc-rich interdenditic regions,
where it forms discrete phases within the eutectic, and to the quaternary intermetallic alloy
layer, where it has no obvious effect on the surface topography.
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(b)

Fig. 6.33 : SE micrographs of the microsiruclure of "Double-Dipped" ZINCALUME coatings
containing copper, (a) 0.5%Cu. 1500X. (b) 1.0%Cu. 2500X.
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6 .2 .4 .

Comparison

of

the

Microstructures

of Commercial

and

Laboratory-Produced ZINCALUME

In this Section, the microstructure of the "Double-Dipped" ZINCALUME will be
compared to the commercially-produced ZINCALUME used as the base material for the
galvanizing process. This comparison is not crucial to the present work since the
properties of the laboratory-produced coatings with minor additions are compared with
those of laboratory-produced control coatings with no additions. However, given that full
scale industrial trials would be necessary to verify any improvements that might be
suggested by the present results, the comparison of laboratory and commercial material is
considered a valuable exercise. Comparison of the quaternary intermetallic alloy layers on
commercial and laboratory-produced ZINCALUME is considered first, followed by
comparison of the coating overlays.

6.2.4.1

The Intermetallic Alloy Layers

The alloy layer in the commercial coating, shown in Fig. 6.34(a), is continuous with an
average thickness of 1-2 |im, while the alloy layer in the "Double-Dipped" coating,
shown in Fig. 6.34(b), is considerably thicker (5-6 (im). The dual alloy layer described
by Mercer et al (40) is also clearly evident in the "Double-Dipped" coating and, because
of the thickness of the layers, it was possible to perform EDS analyses to determine the
compositions (see Appendices 3(e) and 3(f)). The alloy layer in the commercial coating
was too thin for resolution of multiple alloy layers. Therefore, EDS analysis was carried
out to give a general composition of the alloy layer as a single phase (see App.4(a)). The
results are presented in Table 6.6, and it can be seen that good agreement exists between
the present results for the "Double-Dipped" alloy layer and those given by Mercer et al
(40). The result for the commercially-produced alloy layer corresponds closely with the
present results for the top layer. This suggests that the predominant phase is based on
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Fe 3 Si2 Al!2 and the phase layer adjacent to the steel base (based on FeAl3) has not formed
to the extent that it is resolvable using the present techniques.

Fig. 6.34 : Photomicrographs showing cross-sections of the quaternary intermetallic alloy layer in (a)

commercially-produced, and (b) "Double-Dipped" ZINCALUME. 5000X.

Commercial

T

op

B ottom

"Double-Dinned" Mercer et al (40)

Al

F e Zn Si

Al Fe Zn Si

Al Fe Zn Si

53

28

56

10 9

56 25

11

8

4

58 38

2

2

9

. . . .

10

25

60 33

3

Table 6.6 : EDS analyses of the quaternary intermetallic alloy layer for the commercial and DoubleDipped" ZINCALUME and comparison with the results of Mercer et al (40).
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Referring to Fig.34, it also seemed as though there were larger, and more frequent,
outgrowths of the intermetallic alloy at the coating/alloy layer interface in the "DoubleDipped" sample (shown at A). However, comparison of the surface topography of the
alloy layers, shown in Figures 6.35(a) and (b), reveals that the size and distribution of
alloy outgrowths is very similar.

Fig. 6.35 : SE micrographs showing the surface topography of the quaternary intermetallic alloy layer

in the (a) commercially-produced, and (b) "Double-Dipped" ZINCALUME. 550X. Note that the siliconrich particles were removed by brushing die surface after etching.

6.2.4.2

The Coating Overlays

The microstructures of the coating overlays for the commercially-produced and DoubleDipped" ZINCALUME are presented in Fig. 6.36. The photomicrographs show that the
most obvious structural difference between the overlays is the distribution of the
interdendritic zinc-rich regions. In the commercially-produced coatings (see Figures
6.36(a) and (b)), there appear to be smaller and more widely distributed zinc-rich regions
than there are in the "Double-Dipped" coatings (see Figures 6.36(c) and (d)). This results
in a more circuitous interdendritic network, which reflects a finer dendritic structure. The
finer structure is a result of the higher cooling rate of the commercial coatings
(30°C/second) compared with that of the laboratory coatings (13°C/second).

Fig. 6.36 : Photomicrographs showing the microstructures of commercial ZINCALUME, (a) 2000X
and (b) 5000X, and "Double-Dipped" ZINCALUME, (c) 2000X and (d) 5000X.
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Scanning electron (SE) micrographs of commercial and laboratory-produced
ZINCALUME coatings are presented in Figures 6.37(a) and (b), respectively.
Compositional analyses were performed on the phases in the coating overlay, and the
results are also presented in Fig. 6.37 (see Appendices 4(b) to 4(i)). Very close
agreement was found between the compositions of phases in the commercial coating and
the corresponding phases in the laboratory-produced coating. The slightly higher silicon
content in the silicon particles in the "Double-Dipped" coating was most likely a result of
the size of the particle, which was larger than that analysed in the commercial coating.
This results in a more accurate indication of the composition of the panicle, since the
volume of influence from the incident electron beam is less likely to extend beyond the
volume of the particle being measured, and into the surrounding matrix which is rich in
aluminium and zinc.
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Al-rich edge (B)
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-

-

-

66
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-
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26
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1
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Fig. 6.37 : SE micrographs showing the typical microstructure of (a) commercial, and (b) laboratoryproduced ZINCALUME. 2000X. Results of compositional analyses of various phases in the coating
overlay are also presented.
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From this investigation, it therefore appears that the most significant difference between
the microstructures of the commercial and laboratory-produced ZINCALUME is the
thickness of the quaternary intermetallic alloy layer. This is not expected to significantly
affect the mechanical behaviour of the coating as it has been established that alloy layer
thickness is unlikely to be of first order importance when considering coating ductility
(54). With respect to the corrosion behaviour, however, it may well be that the thicker
alloy layer provides greater "barrier protection" of the steel base against corrosive attack,
and therefore extend the life of the coating in the salt spray and outdoor exposure tests in
the present work. It is unlikely that the difference in alloy layer thickness will have much
effect on the corrosion behaviour at cut edges and cracks in the coating.

The only other obvious difference between the coatings is the refinement of the dendritic
structure as a result of greater cooling rate. The "Double-Dipped" coating appears to have
a relatively "coarse" structure, when compared with the commercial coating, and this may
well affect the mechanical and corrosion behaviour. Unfortunately, as discussed in
Section 3.5.3, there is no information available on the effect of the "fineness" of the
dendritic structure on the mechanical behaviour and so this remains difficult to predict.
However, with respect to the effect on corrosion behaviour, it has been shown that
refinement of the coating structure by accelerated cooling rates resulted in a more
circuitous interdendritic network and subsequent improved resistance to localized
corrosive penetration (61).

- 182-

6.3

Coating Mechanical Behaviour

In this section, the effects of minor alloying additions on the mechanical behaviour of
ZINCALUME coatings are discussed. The two main properties to be considered are the
aluminium-rich dendrite hardness and the resistance to coating cracking on bending
deformation (as assessed by the 2T-Bend Test). The third property to be examined is
paint adhesion during bending deformation, which is a measure of the "paintability" of
the coating surface. Details of the experimental procedures for the mechanical testing
were provided in Section 5.3.

6 .3 .1

M icrohardness M easurem ents

The hardness values for the aluminium-rich dendrites, as a function of magnesium
concentration, are presented in Fig. 6.38. There is clearly an increase in dendrite
hardness with magnesium additions, even at the lowest concentration 0.1%. It is
proposed that this effect is most likely due to solution hardening of the matrix by
"clusters" of Mg 2Si, or precipitation hardening by the same phase, in the manner
described by Mondolfo (99) and discussed in Section 4.1.3. The possibility of
precipitation hardening by Mg2Znn has also been discussed. However, indentification of
the phases responsible for hardening of the matrix was beyond the scope of the present
work. It was also not possible to accurately assess the actual concentration of magnesium
within the aluminium-rich dendrites since the limit of detection in EDS analysis is
approximately 0.5%.

The dendrite hardness appears to peak (approximately 180HV) at the magnesium
concentration of 0.5%, which coincides with the appearance of at least two new phases in
the coating microstructure (as shown metallographically in Sections 6.1.2.2 and
6.2.3.2). These new phases, Mg 2Si and MgZn 2, were found in the interdendritic
regions. It is proposed that these observations indicate that saturation of the aluminium-
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rich dendrites with magnesium was reached at a magnesium concentration of
approximately 0.5%, and the excess magnesium was "rejected" ahead of the dendrite
solidification front. As the coating further cooled the interdendritic regions became more
enriched in magnesium until the composition favoured the formation of the highmagnesium phases. With increased magnesium content (up to 2.5%), there was no
further hardening of the aluminium-rich dendrites, but there was an increase in the
amount of magnesium bearing phases in the interdendritic regions. It therefore appears
that saturation of the aluminium-rich dendrites with magnesium was reached at
approximately the addition concentration of 0.5%, and further additions result primarily
in modification of the interdendritic regions.

Fig. 6.38 : Diagram showing the hardness of aluminium-rich dendrites as a function of magnesium

content for the Mg-series ZINCALUME coatings.

For the calcium-series coatings, the increase in aluminium-rich dendrite hardness with
increasing calcium concentration was much less significant than was observed for Mgseries additions, as shown graphically in Fig. 6.39. The hardness appeared to increase
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steadily to a maximum of approximately 170HV in the 0.2%Ca coating. It is possible that
any one of (or combinations of) a whole range of precipitates might have been
responsible for this hardening effect (e.g. CaALi, CaZn2, CaZns, CaZnn). However,
clarification of this point is beyond the scope of the present work.

There was no clear metallographic evidence to explain this hardening peak, as there was
in the magnesium-series coatings and alloys. The only obvious new phase, CaSi2Al2,
was found in the 0.1 %Ca alloy (see Section 6.1.2.3) and occurred not in the
interdendritic regions specifically but was often found to displace both aluminium-rich
dendrites and interdendritic regions. The suggestion is that CaSi2Al2 was either present
prior to solidification of the coating, or was one of the first phases to form during
solidification. In the 0.5%Ca coatings, there was no further hardening of the dendrites
and there appeared to be a substantial increase in the occurrence of very large CaSi2Al2
particles. Perhaps this is indicative of saturation of the liquid alloy by calcium, a proposal
supported by observations made during galvanizing, where oxide dross formation was
very rapid at the calcium concentration of 0.5%.

The aluminium-rich dendrite hardness, as a function of gallium content, is presented in
Fig. 6.40. There appears to be a peak hardness of approximately 167HV at the gallium
concentration of 0.2%, and no significant further hardening with gallium additions of up
to 1.0%. It is therefore proposed that the addition of gallium strengthens the aluminiumrich matrix, though the effect is slight. It is possible that the high concentration of zinc in
the dendrites resulted in the apparent decrease in the solubility of gallium in aluminium
(from approximately 20% to 0.2%). If this were the case, it would be expected that the
most likely place to detect gallium, at least in the high-gallium coatings (greater than
0.2%), is the interdendritic regions. This is confirmed by results presented in Sections
6.1.2.4 and 6.2.3.4, where gallium was detected in the zinc-rich interdendritic regions in
the 1.0%Ga alloy and coating, respectively.
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Calcium content (wt%)
Fig. 6.39 : Diagram showing the hardness of aluminium-rich dendrites as a function of calcium
content for the Ca-Series ZINCALUME coatings.

Fig. 6.40 : Diagram showing the hardness of aluminium-rich dendrites as a function of gallium content

for the Ga-Series ZINCALUME coatings.
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The hardness values of the aluminium-rich dendrites as a function of copper
concentration are presented in Fig. 6.41. A peak hardness of approximately 170HV was
reached at the copper content of 0.1%. From 0.1% to 1.0%Cu, this hardness value
remained essentially the same, suggesting that the solubility of copper in the aluminiumrich dendrites was reached with the addition of 0.1 %Cu and no further solution or
precipitation hardening was possible. This proposal is supported by metallographic
evidence (see Sections 6.1.2.5 and 6.2.3.5) which showed that there were significant
microstructural changes to the interdendritic regions at the copper concentration of 0.5%.
These changes involved the introduction of discrete copper-bearing phases which were
even more clearly apparent at the copper concentration of 1.0%.

Fig. 6.41 : Diagram showing the hardness of aluminium-rich dendrites as a function of copper content

for the Cu-Series ZINCALUME coatings.
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6 .3 .2

2T-Bend Test : Coating Cracking on Bending Deformation

Photomicrographs showing the cracking of coatings in the magnesium series are
presented in Fig. 6.42. It is obvious from these results that the extent and nature of
cracking in the 0.1 %Mg coating, shown in Fig. 6.42(b), was similar to that in the control
coating, shown in Fig. 6.42(a).

With the addition of 0.5%Mg, the cracking became more severe with wider and more
extended cracks evident, as shown in Fig. 6.42(c). This trend for wider, more elongated
cracks with increasing magnesium content continued with the coatings containing
1.0%Mg (see Fig. 6.42(d)) and 2.5%Mg (see Fig. 6.42(e)). These results indicate that as
the magnesium concentration increases to 2.5%, so does the area of steel base exposed to
corrosive environments.

It is proposed that there are two possible mechanisms responsible for this cracking
behaviour. The first relates to the hardening of the aluminium-rich dendritic matrix,
discussed in Section 6.3.1, which results in a decrease in the ability of the coating to
accommodate bending stresses without cracking. This is most likely the principal
mechanism for increased coating cracking for coatings with up to 0.5 %Mg. At the
magnesium concentration of 0.5%, large faceted particles of Mg2Si begin to form which
can act as stress concentrators during bending deformation. Although these particles are
evident in the 0.5%Mg coating, they are not common. It is concluded that the hardening
of the matrix is the main reason for increased coating cracking observed in 0.5%Mg
coatings. However, the further increase in cracking severity up to the coatings containing
2.5%Mg is more likely due to the Mg2Si particles as they become much more
predominant in the microstructure.
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(b ) (i)

(c) (i)

(d ) (i)

(e) 0)

F ig . 6 .4 2 : Photomicrographs showing cracking characteristics of ZINCALUME coatings with
magnesium additions. Plan view of 2T-bends at (i) 25X, and (ii) 60X. (a) Control coating with no
magnesium, (b) 0.1%Mg, (c) 0.5%Mg, (d) 1.0%Mg and (c) 2.5%Mg.
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Photomicrographs showing the cracking of coatings in the calcium series are presented in
Fig. 6.43. There appears to be little difference, in the extent and nature of the observed
cracking, between the control coating (see Fig. 6.43(a)) and that with a calcium addition
of 0.1% (see Fig. 6.43(b)).

With the addition of 0.2%Ca, there were wider and longer cracks evident (see Fig.
6.43(c)) and this trend continued to the 0.5%Ca coating in which there were wide and
continuous cracks (see Fig. 6.43(d)). It is obvious that there was a much larger area of
steel base directly exposed to corrosive atmospheres in the 0.5%Ca coating than there
was in the control coating containing no calcium.

It is likely that the increase in cracking severity up to the 0.2%Ca coating was primarily
due to hardening of the aluminium-rich dendrite matrix, which reached a peak value at the
calcium concentration of 0.2%. It is also possible that the presence of CaSi2Al2 particles
was influential, though it is not considered to be of primary importance because the
particles were not present in large amounts. In the case of the coating containing 0.5%Ca,
however, it is considered that the CaSi2Al2 phase had a much more significant role since
it occurred extensively throughout the coating as very large faceted particles.

Fig. 6.43 : Photomicrographs showing cracking characteristics of ZINCALUME coatings with
calcium additions. Plan view of 2T-bends at (i) 25X, and (ii) 60X. (a) Control coating with no calcium,
(b) 0.1 %Ca, (c) 0.2%Ca and (d) 0.5%Ca.
“
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Photomicrographs showing the cracking of coatings in the gallium series are presented in
Fig. 6.44. There appears to be little difference in the nature and extent of cracking for
coatings containing up to 1.0%Ga, as shown in Figures 6.44(a) to (e). The only
difference was perhaps a slight widening of cracks in some localized areas in the 1.0%Ga
coating, as shown at A in Fig. 6.44(e)(i). It is possible that this was an isolated example
of grain boundary embrittlement, and that the isolated example of detection of gallium in a
zinc-rich region was actually gallium in a grain boundary rather than a typical
interdendritic region. However, further investigation to confirm this is beyond the scope
of the present work and it is therefore not be considered in greater detail.

It appears that the slight hardening of the aluminium-rich matrix with gallium additions,
noted in Section 6.3.1, had little effect on the cracking resulting from bending
deformation.

Photomicrographs showing the cracking in coatings in the copper series are presented in
Fig. 6.45. From these results, it appears that additions of up to 1.0%Cu had no effect on
the cracking characteristics of ZINCALUME. It is also clear that the hardening of the
aluminium-rich dendrites by copper additions, discussed in Section 6.3.1, had little effect
on the extent of cracking observed after bending deformation.
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: Photomicrographs showing cracking characteristics of ZINCALUME coastings with
gallium additions. Plan view of 2T-bends at (i) 25X and (ii) 60X. (a) Control coating with no gallium,
(b) 0.05%Ga, (c) 0.2%Ga, (d) 0.5%Ga and (c) 1.0%Ga.
F ig . 6 .4 4
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(a) (i)

(b ) (i)

m

(C) (i)

(d) (i)

(e) 0)

: Photomicrographs showing cracking characteristics of ZINCALUME coatings with copper
additions. Plan view of 2T-bends at (i) 25X and (ii) 60X. (a) Control coating with no copper, (b)
0.05%Cu, (c) 0.1 %Cu, (d) 0.5%Cu and (e) 1.0%Cu.

F ig . 6 .4 5
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6 .3 .3

Paint Adhesion

The results of paint adhesion testing for all coatings in the present work are presented in
Table 6.7 (see Section 5.3.3 for the experimental details). The results show that the four
series of additions had no significant effect on the paintability of the ZINCALUME
coating. The only coating which showed slight deterioration of paint adhesion was the
coating containing 2.5%Mg. It is proposed that this was due to the ridges of surface
oxide evident on these high-magnesium coatings (see Section 6.2.2.1.1). However, the
decrease in adhesion was not significant, with only slight paint film detachment at the 2T
bend and none at a 3T bend.

Z IN C A L U M E

C oating A lloy

T-Bend Pass

Mg Control
0.1 %Mg
0.5%Mg
1.0%Mg
2.5%Mg

2T
2T
2T
2T
3T

Ca Control
0.1 %Ca
0.2%Ca
0.5%Ca

2T
2T
2T
2T

Ga Control
0.05%Ga
0.2%Ga
0.5%Ga
1.0%Ga

2T
2T
2T
2T
2T

Cu Control
0.05%Cu
0.1 %Cu
0.5%Cu
1.0%Cu

2T
2T
2T
2T
2T

Table 6.7 : Results o f Paint Adhesion Test, where T-value represents bend diameter at which paint
coating was not removed (see Section 5.3.3 for explanation of experimental procedure).
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6.4

Corrosion Testing

The effects of minor alloying additions on the corrosion behaviour of painted and
unpainted ZINCALUME coatings are discussed in this section. The resistance of coatings
to corrosive attack in a humidified salt spray environment are considered first, followed
by the coating performance during outdoor exposure in a severe marine environment. The
experimental details are provided in Section 5.4.

6 .4 .1

Salt Spray Test

As discussed in detail in Section 5.4.1, unpainted coatings with minor alloying additions
were exposed in a salt spray accelerated corrosion test. The time for 5 % Red Rust
formation on flat coatings was measured for duplicate coatings. The average of these
times, in hours per micrometre of coating thickness, was then expressed graphically as a
function of the addition concentration for each series. A typical example of an estimate of
5% Red Rust on a flat coating surface is shown in Fig. 6.46.

Fig . 6.46 : Photograph showing a typical example of 5% Red Rust on a ’ Double-Dipped
ZINCALUME control coating after 2400 hours exposure in the Salt Spray Test.

- 196-

The "line of best fit" for each series was determined by linear regression analysis, and
the line equation and correlation coefficient are provided in the relevant figure. The line
equation is expressed in the form;
y = a + bx ,
where a is the y-intercept at x=0, and b is the slope of line. RA2 is the square of the
correlation coefficent. The significance of the correlation coefficient was considered in
terms of 95% confidence using Student's t-distribution (170). The calculations relating to
correlation coefficient significance are provided in Appendix 5. It should be noted that the
rust assessment is qualitative and the results should therefore be used only as an
indication of the corrosion resistance of the coatings. Experimental problems, such as the
inadequate sealing of cut edges, resulted in even lower confidence in the accuracy of
results due to the influence of exposed steel on the corrosion mechanism at the flat
coating surface. For example, in the magnesium-series coatings, where there were also
cracks in the 45° and 90° bends, there was extensive rust staining from the bends as well
as poorly sealed cut edges. Fig. 6.47 shows the 0.1 %Mg coating after 4051 hours
a

'

exposure. It can be seen that the flat coating surface at A is approaching 5% Red Rust.
However, there are so many large rust stains encroaching on this area from badly
protected edges (at B and C) and bends (at D), that accurate assessment of the
performance of flat surfaces, independant of these other influences, becomes increasingly
difficult. This was the main reason for testing the calcium, gallium and copper-series
coatings in the flat condition, and with greater care taken in sealing of the cut edges.

Although more care was taken in the preparation of later samples, the problem of
inadequately sealed edges persisted throughout most of the testing programme,
sometimes making the assessment of 5% Red Rust formation difficult. It should be noted
however, that the larger the area of flat surface, the more reliable was assessment of the
performance as rust staining at edges was less influential. Fig. 6.48 shows the corrosion
of a calcium control sample after 1197 hours exposure in the Salt Spray Test. There is
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obviously increased rust staining adjacent to the sealed edge (at area A), but rust
formation over the rest of the sample does not appear to be infuenced by edge effects.

Fig. 6.47 : Photograph showing rust staining from bends (at D) and poorly sealed cut edges (at B and
C) in a 0.1 %Mg coating after 4051 hours exposure in the Salt Spray Test 5 % Red Rust in area A on flat
coating surface.

Fig. 6.48 : Photograph showing the corrosion of a calcium control coating after 1197 hours exposure

in the Salt Spray Test. Note the rust staining due to poorly scaled edges at A, but the even corrosion of
the flat coating surface over the rest of the sample.
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The results for the magnesium-series coatings are presented in Fig. 6.49. These show
that the time to 5% Red Rust per micrometre of coating was approximately 150 hours for
the control coating, and increased with magnesium content to a value of approximately
200 hours at 2.5%Mg. The line of best fit for the results shows a continual rise in salt
spray corrosion resistance with magnesium content and the correlation coefficient was
found to be significant with 95% confidence (see App.5). This result confirmed the
findings of past workers (87,88,89,90) who showed that magnesium additions were
beneficial to the corrosion resistance of Zn-Al alloys (see Section 4.1.3).

Fig. 6.49 : Salt Spray Corrosion Resistance of "Double-Dipped" ZINCALUME coatings; the time to

5% Red Rust per micrometre of coating thickness as a function of magnesium content.

From the metallographic evidence presented in Sections 6.1.2.2 and 6.2.3.2, it was clear
that the major microstructural effects due to magnesium additions were the formation of
the MgZn 2 and Mg2Si phases in the interdendritic regions of the coating overlay. It is
likely that the MgZn2 phase promoted the formation of compact oxy-chlorides during
corrosion, as described by Memmi (151), and this slowed the corrosive attack of the
coating by "insulating" the underlying coating from the corrosive atmosphere. It should

- 199 -

also be noted that there were no obvious differences in the appearance of the control
coatings when compared with magnesium containing coatings.

The results for the calcium-series coatings are presented in Fig. 6.50. These show that
calcium additions of up to 0.5% had little influence on the time to 5% Red Rust per
micrometre of coating thickness in the Salt Spray Test. The control coating showed 5%
Red Rust after a time of approximately 135 hours, and the effect of calcium content was
variable, giving a time of approximately 150 hours for the 0.2%Ca coating but a time of
approximately 120 hours for the 0.5%Ca coating. The line of best fit shows a slight
decrease in corrosion resistance with increasing calcium content, though the correlation
coefficient was found to be not significant with 95% confidence (see App.5). Therefore,
according to the present analysis, calcium was deemed to have no significant effect on the
salt spray corrosion resistance of ZINCALUME coatings.

Fig. 6.50 : Salt Spray Resistance of "Double-Dipped" ZINCALUME coatings; the time to 5% Red
Rust per micrometre of coating thickness as a function of calcium content.
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Since there was little microstructural influence due to calcium additions other than
modification to the silicon-rich phases, it is not surprising that there appeared to be little
effect on the corrosion resistance of these coatings in this relatively severe test. It should
also be noted that, as for the magnesium-series, there were no obvious differences in the
appearance of the corroded surfaces of the controls and the calcium-containing coatings.

The results for the gallium-series coatings are presented in Fig. 6.51. These results show
a slight decrease in the time to 5% Red Rust with gallium content, from a time of
approximately 100 hours per micrometre of coating for the control to approximately 75
hours for the 1.0%Ga coating. The line of best fit shows a continual decrease in salt
spray corrosion resistance with gallium content, and the correlation coefficient was found
to be significant with 95% confidence (see App.5).

Fig. 6.51 : Salt Spray Corrosion Resistance of "Double-Dipped" ZINCALUME coatings; the time to

5% Red Rust per micrometre of coating thickness as a function of gallium content.

Metallographic evidence presented in Sections 6.1.2.4 and 6.2.3.4 showed that gallium
was detected only rarely in the alloys and coatings, and was then present in the zinc-rich
interdendritic regions. From this evidence alone, it is difficult to propose a mechanism for

- 201 -

the decrease in corrosion resistance. However, the appearance of the corroded surfaces
for the 1.0%Ga coatings was quite different to that of the control coatings, showing
much less uniform formation of corrosion product, as shown in Fig. 6.52. It was
suggested in Section 6.3.2 that the isolated detection of gallium in the zinc-rich region
might in fact have been examples of gallium in the grain boundaries. This was also
proposed as a mechanism for the observed cracking in the 1.0%Ga coating. If this is the
case, it is possible that the non-uniform corrosion of the 1.0%Ga coating, shown in Fig.
6.52(b), may be evidence of grain boundary corrosion.
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Fig. 6.52 : Photographs showing the appearance of corroded "Double-Dipped" ZINCALUME surfaces,

(a) Control coating after 2568 hours exposure, and (b) 1.0%Ga coating after 1917 hours exposure.
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The results for the copper series coatings are presented in Fig. 6.53. These results clearly
show a decrease in resistance to salt spray corrosion with increasing copper content. This
effect was progressive with copper content, from a time to 5% Red Rust of
approximately 166 hours per micrometre of coating for the control coating to
approximately 30 hours for the coating containing 1.0%Cu. The line of best fit is drawn
and the correlation coefficient was found to be significant with 95% confidence.

Fig. 6.53 : Salt Spray Corrosion Resistance of "Double-Dipped" ZINCALUME coatings; the time to
5 % Red Rust per micrometre of coating thickness as a function of copper content

The metallographic evidence presented in Sections 6.1.2.5 and 6.2.3.5 showed the
formation of copper-bearing phases in the interdendritic regions at the higher levels of
copper concentration (0.5% and 1.0%). These results, and the observed effects on
corrosion resistance, were in agreement with Memmi (151) who attributed the detrimental
effect of copper additions on salt spray resistance to the presence of numerous coppercontaining inclusions. It was proposed that the depolarizing cathodic acrion of copper had
the effect of accelerating corrosive attack.
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It was also noted that the corrosive attack on the copper-containing coating was much
more general than that of the control coating, which failed in a more localized manner
with fewer and larger rust spots, as shown in Fig. 6.54.

(a)

(b )

Fig. 6.54 : Photographs showing the appearance of corroded "Double-Dipped" ZINCALUME surfaces,

(a) Control coating after 2977 hours exposure, and (b) 0.5%Cu coating after 1072 hours exposure.
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6.4.2

Outdoor Exposure Test

As discussed in Section 5.4.2, painted and unpainted coatings were exposed in a severe
marine environment at Bellambi Point, on the Illawarra coastline of New South Wales.
Assessment of performance for unpainted coatings was based on the general appearance
of the flat surfaces and the coating loss adjacent to cut edges. For the painted samples,
assessment was based on the extent of the undercutting of the paint Film at cut edges and
corrosion at 2T-bends. The exposure test is continuing and the present results serve as a
report of progress at the time of writing.

6.4.2.1

Unpainted Coatings

The magnesium-series coatings were examined after six months exposure. It was clear
that there was little difference in the performance of magnesium-containing coatings
compared with the control coating. As shown in Fig. 6.55, there was no apparent coating
loss adjacent to the cut edges in either the control or the 1.0%Mg coatings and the general
appearance was very similar. The brownish stain on the control coating is due to bird
faeces.

The calcium-series coatings were also examined after six months exposure. There seemed
to be no loss of coating at the cut edges for the control coating, as shown in Fig. 6.56(a),
and the same was true for the coatings containing up to 0.5%Ca. An example of the
0.5% Ca coating is presented in Fig. 6.56(b). Apart from the more homogeneous
appearance of the 0.5%Ca coating, which was due to the finer grain structure, the
corroded surfaces of the calcium-containing coatings were similar to that of the control
coating.
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Fig. 6.55 : Photographs showing coatings from the magnesium series after six months exposure in a

severe marine environment, (a) Control coating, and (b) 1.0%Mg coating. 0.7X.
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F ig . 6.56 : Photographs showing coatings from the calcium-series after six months exposure in a
severe marine environment, (a) Control coating, and (b) 0.5%Ca coating. 0.7X.
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The gallium-series coatings had been exposed for twelve months at the time of writing.
The control sample is shown in Fig. 6.57(a) and slight coating loss adjacent to a cut edge
is highlighted at A. Since there was no sign of this behaviour on the control samples for
the magnesium or calcium series (exposed for only six months), it is proposed that
exposure of approximately twelve months is necessary for this phenomenon to become
apparent in "Double-Dipped" ZINCALUME coatings on 1.0 mm thick base steel. The
corroded coatings containing 0.5%Ga and 1.0%Ga are shown in Figures 6.57(b) and
(c), respectively. On the 0.5%Ga coating, there was an increase in the extent of coating
loss at the cut edge. There was also red rust associated with this coating loss (shown at
B). As the gallium content was increased to 1.0%, the coating loss at the edge was much
greater, as shown in Fig. 6.57(c). From these results, and the observed decrease in salt
spray corrosion resistance discussed in Section 6.4.1, it is clear that the corrosion
resistance of ZINCALUME in chloride environments is decreased with the addition of
gallium. As for the general appearance of the coatings, the gallium-containing coatings
appeared to be progressively more "dirty" as the gallium content increased. Perhaps this
is due to a build-up of corrosion products and hence a further indication of the increase in
coating corrosion.

The copper-containing coatings had been exposed for approximately two months at the
time of writing and no differences in corrosion behaviour were apparent. However, it
seems reasonable to suggest that coating containing copper will perform significantly
worse than the control coating, since copper additions had such a detrimental effect on the
salt spray corrosion resistance (see Fig.6.53).

From these results, it is proposed that the six month exposure of the magnesium and
calcium-containing coatings may not have been sufficiently long to produce the same
trends as in the salt spray accelerated corrosion test. If this is the case, more obvious
effects may be evident for these coatings after twelve months exposure, as was the case
for the gallium-containing coatings.
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Fig . 6.57 : Photographs showing coatings from the gallium-series after twelve months exposure in a
severe marine environment, (a) Control coating, (b) 0.5%Ga coating, and (c) 1.0%Ga coating. 0.7X.
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6.4.2.2

Painted Coatings

Painted coatings from the magnesium, calcium and gallium series had been exposed for
twelve months in the severe marine environment of Bellambi Point at the time of writing.
At the same time, the painted coatings from the copper series had been exposed for only
two m onths. Since the copper series showed no indication of edge undercutting or rust at
bends, they are not considered further in this section and no photographs of painted
copper series coatings are provided.

6.4.2.2.1

Magnesium Series Coatings

Photographs showing the edge undercutting observed for the magnesium-series coatings
are shown in Fig. 6.58. There is little appreciable difference in the extent of undercutting
between the control coating (see Figure 6.58(a)) and the 0.1 %Mg coating (see Figure
6.58(b)). However, for magnesium concentrations greater than 0.1%, the extent of
undercutting lessens progressively such that there is no edge undercutting evident on the
coatings containing 1.0%Mg and 2.5%Mg (see Figures 6.58(d) and 6.58(e)).

The appearance of the 2T-bends after twelve months exposure is shown in Fig. 6.59.
There appears to be no rust staining on any of the bends, from the control coating in Fig.
6.59(a) to the 2.5%Mg coating in Fig. 6.59(e). It is interesting to note, however, the
more severe cracking associated with increasing magnesium content. This was discussed
with respect to unpainted coatings in Section 6.3.2 and it is obvious that the same effect
is apparent through the paint film.
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F ig . 6 .5 8 : Photographs showing the edge undercutting on painted coatings from the magnesium series
after twelve months exposure in a severe marine environment, (a) Control coating, (b) 0.1 %Mg, (c)
0.5%, (d) 1.0%Mg, and (e) 2.5%Mg. 0.7X.
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: Photographs showing 2T-bends on painted coatings from the magnesium series after
twelve months exposure in a severe marine environment, (a) Control coating, (b) 0.1 %Mg, (c) 0 5%Mg
(d) 1.0%Mg, and (e) 2.5%Mg. 0.7X.
F ig . 6 .5 9
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6.4.2.2.2

Calcium Series Coatings

The edge undercutting observed on coatings from the calcium series coatings are
presented in Fig. 6.60. Unfortunately, the calcium control coating seems to have
disappeared from the Bellambi Point test site and was therefore not available for
observation. However, the edge undercutting on the calcium-containing coatings can be
compared with that on the magnesium control coating, shown in Fig. 6.58(a), and the
control coating from the gallium series, shown in Fig.6.62(a). From this comparison, it
would appear as though the addition of 0.1 %Ca resulted in a significant increase in the
extent of edge undercutting, as shown in Fig. 6.60(a). With the addition of 0.2%Ca,
however, there appears to be a reversal in behaviour with a decrease in the extent of edge
undercutting, (see Fig. 6.60(b)). Finally, the edge undercutting on the 0.5%Ca coating
(see Fig. 6.60(c)) appears to increase again. It seems unlikely that this observed
behaviour is indicative of a real effect because the changes in microstructure were
progressive with calcium additions. The more probable explanation is that these
observations are a result of experimental variation.

(a)

(b )

(c)

Fig . 6.60 : Photographs showing the edge undercutting on painted coatings from the calcium series
after twelve months exposure in a severe marine environment, (a) 0.1 %Ca, (b) 0.2%Ca, and (c) 0.5%Ca.
0.7X.
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Examination of the coating corrosion at 2T-bends revealed no rust staining on coatings
with up to 0.5%Ca, as shown in Fig. 6.61. The increased coating cracking with calcium
content (noted for the unpainted coatings in Section 6.3.2) was also evident, and it was
also apparent that the cracking became more uniform and less spangle specific as the
calcium content increased.

Fig. 6.61 : Photographs showing 2T-bcnds on painted coatings from the calcium series after twelve

months exposure in a severe marine environment, (a) 0.1 %Ca, (b) 0.2%Ca, and (c) 0.5%Ca. 0.7X.

6.4.2.2.3

Gallium Series Coatings

The edge undercutting associated with gallium series coatings is shown in Figures
6.62(a) to (e). From these results, it seems that gallium additions had little effect on edge
undercutting. The slight variations are considered typical for ZINCALUME coatings
(171) and since no clear trend is evident at this stage, gallium additions are considered to
have no significant effect on edge undercutting.

With respect to the corrosion at bends, there was no rust staining on coatings with up to
1.0%Ga, as shown in Fig. 6.63. It should be noted that cracking did not worsen
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significantly with gallium additions, as discussed in Section 6.3.2, and cracking
remained spangle specific.

Fig. 6.62 : Photographs showing edge undercutting on coatings from the gallium series after twelve
months exposure in a severe marine environment, (a) Control coating, (b) 0.05%Ga, (c) 0.2%Ga,
(d) 0.5%, and (e) 1.0%Ga. 0.7X.
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: Photographs showing 2T-bends on painted coatings from the gallium series after twelve
months exposure in a severe marine environment, (a) Control coating, (b) 0.05%Ga, (c) 0 2%Ga
(d) 0.5%Ga, and (e) 1.0%Ga. 0.7X.
F ig . 6 .6 3
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6.5

Industrial Implications

The impetus for the present work was the need for improvement in the corrosion
performance of prepainted ZINCALUME coatings, with particular reference to the
problems of Red Rust Bleed-Through (RRBT) and Edge Undercutting (discussed in
Section 2.3.4). However, due to difficulties experienced in simulating the conditions for
RRBT, the emphasis was later changed to the evaluation of general corrosion resistance
and Edge Undercutting in chloride environments. It should be noted that the work on
RRBT is continuing in a separate research project at the Research and Technology Centre
of B H P Steel - Sheet and Coil Products Division.

It was proposed that the improvements to corrosion performance might be achieved by
either or both of the following mechanisms:
1. electrochemical "activation" of the aluminium-rich matrix to provide better sacrificial
protection of exposed steel base after depletion of the zinc-rich eutectic regions,
and/or
2. decreasing the rate of corrosion of the zinc-rich regions, whilst retaining the sacrificial
properties.

As discussed in Chapter 4, the additions were primarily chosen according to solubility in
aluminium and electronegativity relative to aluminium. Past work (62,63,64) had
suggested that electrochemical "activation" of aluminium anodes on dissolution was
possible using certain elements in solution in the aluminium which were also relatively
cathodic. Gallium was chosen because of very high solubility in aluminium (129),
especially at accelerated cooling rates (131), and because it has been identified as one of
the elements cathodic to aluminium which electrochemically "activates" aluminium anodes
(64). Another element which is cathodic to aluminium (3) and has been shown to increase
the electronegativity and, accordingly the corrosion rate, of aluminium is copper
(142,143). Since copper is also highly soluble in aluminium (70), it was chosen as the
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second of the cathodic additions. It should be noted that the detrimental effect of copper
additions on the corrosion resistance of Zn-Al coatings has been documented (151), and
this was taken into account.

Since elements cathodic to aluminium were chosen as alloy additions, it was suggested
that anodic elements should also be used to test the theory regarding the localized cellular
action of cathodic additions (64). It was proposed that if highly oxidative elements were
used, it might be possible to disrupt passive oxide layer formation on the aluminium-rich
dendrite surfaces during corrosion. According to these selection criteria, magnesium and
calcium were also chosen as alloy additions, since they are anodic to aluminium (3) and
are renowned for their high affinity for oxygen. Magnesium has high solubility in
aluminium (65) and has been shown to improve the performance of Zn-Al coatings in
chloride environments by the formation of compact corrosion products in the zinc-rich
eutectic regions (87). Therefore, the choice of magnesium would also test the second
mechanism of modification proposed above.

The most essential aspect of the application of the present results to industrial processes is
that the coating ductility and corrosion performance exhibited by ZINCALUME should
not be significantly compromized. Coating ductility is important because much of the
ZINCALUME produced for the building industry is formed to a wide variety of profile
geometries. Any decrease in ductility would result in an increase in coating cracking and
therefore a greater area of steel base exposed to corrosive environments. ZINCALUME
was designed, and subsequently promoted, as the most successful corrosion protection
system for sheet steel in the building industries, and any compromize to present levels of
corrosion performance would be unacceptable in the marketplace. Another important
aspect of industrial implementation relates to the ease with which the modified alloys can
be utilized on existing commercial galvanizing lines without change to the processing
technology. For example, if observations made during laboratory galvanizing suggest
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that changes to the galvanizing line equipment is necessary, then undesirable capital costs
may have to be taken into account.

Calcium additions showed no significant improvements to corrosion performance. With
respect to mechanical behaviour, there was a detrimental effect on coating ductility with
increasing calcium content, shown by an increase in cracking severity. Calcium additions
above 0.2% resulted in processing problems during galvanizing due to rapid oxide dross
formation on the surface of the liquid alloy. It is likely that this problem would cause
significant difficulties in a commercial galvanizing process, and it would be necessary to
employ some form of gaseous "shroud" over the liquid alloy surface, perhaps using
nitrogen, to purge the area of oxygen. It is therefore proposed that calcium additions be
regarded as having a detrimental effect on the performance of ZINCALUME, and not be
considered further as a modifying element.

For the coatings with gallium additions there was a slight decrease in the salt spray
corrosion resistance, and no apparent improvement to the outdoor exposure performance
of unpainted and painted coatings. The coating ductility was not significantly affected by
gallium additions of up to 1.0% and there were no processing difficulties encountered
during galvanizing. Therefore, unless the continuing outdoor exposure test reveals
significant beneficial effects with gallium additions, it is unlikely that gallium will be
considered further as a modifying agent for ZINCALUME.

Copper additions of up to 1.0% were shown to have little effect on the coating ductility
and there were no processing problems experienced during the galvanizing experiments.
However, these copper additions were responsible for a significant decrease in salt spray
corrosion resistance. Therefore, unless the outdoor exposure test reveals improved
performance with copper additions, it is proposed that this element should not be
regarded as a potential modifying element for the ZINCALUME coating system.
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The only promising results in the present work were obtained with magnesium additions,
which showed significant improvement to the salt spray corrosion resistance of unpainted
coatings and, perhaps more importantly, edge undercutting of painted coatings during
outdoor exposure. However, these improvements were most marked at the higher
magnesium concentrations of 1.0% and 2.5%, and these additions resulted in a definite
decrease in coating ductility. Galvanizing with these alloys containing 1.0%Mg, or
greater, also highlighted potential processing problems due to the rapid formation of
oxide dross on the surface of the liquid galvanizing alloy. As would be the case for the
calcium additions, it may prove necessary to employ some form of gaseous "shroud"
over the liquid alloy surface, to prevent this excessive oxide formation. Therefore, unless
the ductility and potential processing problems can be overcome, it is unlikely that the
improved corrosion performance would be attractive enough to encourage commercial
application.

It therefore seems that none of the additions made singly resulted in sufficient
improvements in coating performance to warrant further investigation as commercially
applicable alloys. It is possible that synergistic effects between combinations of added
elements might result in improved performance, though no potential combinations are
apparent at this stage.

6 .5 .1

Experimental Limitations and Further Work

Though the results show that it is possible to influence the corrosion performance of
ZINCALUME coatings by alloy additions (for example, the beneficial effects of
magnesium and the detrimental effects of copper), the mechanism/s by which this is
achieved remains unclear. It is suggested that a detailed microscopical investigation
throughout the corrosion testing, using microanalytical techniques to identify corrosion
products, would be a useful exercise. Metallographic comparison of the progress of
corrosion against that of a ZINCALUME control coating may reveal whether depletion of
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zinc-rich eutectic regions is accelerated, or decelerated, and thereby pointing to the
dominant mechanism responsible for the observed results.

Another concern relates to the measurement the concentration of additions in the
aluminium-rich dendrites. It is proposed that energy-dispersive spectroscopical
microanalysis does not provide sufficient accuracy (+~0.5wt%) in the determination of
composition. It seems reasonable to assume that the additions were being incorporated
into the dendrites to some extent (either as solute or precipitate phases) as obvious
hardening of the dendrites was occurring with increasing addition concentration.
However, none of the minor additions were detected in the aluminium-rich matrix of any
of the alloys or coatings. It is suggested that more accurate techniques (such as
wavelength-dispersive spectroscopic microanalysis with accuracy of ±~0.1wt%) should
be used to determine the concentration of additions in the aluminium-rich matrix.

Comparison of the hardness results and coating cracking on bending deformation
suggests that dendrite hardening due to minor additions plays a significant role in coating
ductility. Unfortunately, the techniques used to analyse microstructural effects are not
sensitive enough to identify precipitate formation. It is proposed that transmission
electron microscopic investigation of precipitation in modified ZINCALUME coatings
might provide valuable information regarding the role of the minor additions in
mechanical and corrosion behaviour.

- 222 -

7.0

CONCLUSIONS

Magnesium Additions

- The primary effects of magnesium additions on the microstructure of ZINCALUME
coatings are on the zinc-rich interdendritic regions and the silicon-rich particles. At
0.5%Mg, a divorced Zn-MgZn2 eutectic is apparent and increases in prominence with
magnesium content up to 2.5%. The formation of large particles of Mg2Si is also
apparent at the magnesium concentration of 0.5% and becomes progressively more
prominent with increasing magnesium.

- The increase in aluminium-rich dendrite hardness with magnesium content suggests that
the addition is also incorporated into the matrix (as solute and/or precipitating phases).
However, the analytical techniques used were not accurate enough to confirm this. The
phenomenon of dendrite hardening also occurs for the other additions and so it is
considered likely that all the additions are incorporated into the dendrites to a greater, or
lesser, extent. Since quantification is not possible, this is not discussed further.

- The increase in dendrite hardness to a peak value (of approximately 180HV) at
0.5%Mg, is accompanied by an increase in cracking severity on bending deformation.
Further increases to cracking severity with magnesium additions greater than 0.5% are
assumed to be associated with the presence of large, faceted particles of Mg2Si, which
act as stress concentrators in the coating during deformation.

- Magnesium additions have little effect on paint adhesion to ZINCALUME coatings,
though the surface oxide layer may be responsible for a slightly detrimental effect on
2.5%Mg coatings.
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- The salt spray corrosion resistance of unpainted ZINCALUME coatings is increased by
the addition of magnesium. The effect is most marked at the magnesium concentration
o f 2.5%.

- Magnesium additions are also beneficial to the Edge Undercutting of painted
ZINCALUME, and the effect is most obvious at the addition levels of 1.0% and 2.5%.

- High level magnesium additions (e.g. 1.0% and 2.5%) result in processing problems
due to rapid oxide formation on the surface of the liquid alloy during galvanizing.

Calcium Additions

- The effect of calcium additions on the microstructure of ZINCALUME coatings is to
modify the silicon-rich phase. This is effective in two ways; firstly, by the
fragmentation of existing silicon-rich particles and, secondly, by the formation of a new
silicon-bearing phase, CaSi2Al2. Though the formation of CaSi2Al2 is evident at the
lowest calcium concentration of 0.1%, it is not widespread throughout the coating. It is
not until the calcium addition of 0.5% that CaSi2Al2 becomes the predominant silicon
bearing phase in the coating.

- Hardening of the aluminium-rich dendrites by calcium additions is not as significant is
the case with magnesium additions. Accordingly, the cracking severity is not as great at
the peak dendrite hardness (approximately 170HV at 0.2%Ca). However, cracking is
much more severe at the calcium concentration of 0.5%, where the large, faceted
CaSi2Al2 particles act as stress concentrators during deformation.

- Calcium additions have no effect on the paintability of ZINCALUME coatings, as
measured by the paint adhesion test.
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- With respect to corrosion resistance, calcium has no significant effect on the salt spray
resistance of unpainted ZINCALUME, or on the Edge Undercutting of painted
ZINCALUME during outdoor exposure in a marine environment.

- Considerable processing difficulties are to be expected when using calcium additions
due to rapid oxide formation on the liquid alloy surface during galvanizing.

Gallium Additions

- The effect of gallium additions on the microstructure of ZINCALUME coatings remains
unclear. Gallium was detected in the zinc-rich interdendritic regions, but only in
isolated instances.

- Gallium additions result in a slight increase in aluminium-dendrite hardness (to a peak
value of approximately 165HV at 0.2%Ga). However, there is no significant change to
the cracking severity of ZINCALUME coatings with up to 1.0%Ga.

- The paintability of ZINCALUME is not affected by gallium additions of up to 1.0%.

- The salt spray corrosion resistance of ZINCALUME coatings is reduced by gallium
additions, though the effect is slight.

- With respect to outdoor exposure, gallium additions decrease the resistance of
unpainted coatings to corrosion in a marine environment, but no effect on Edge
Undercutting of painted ZINCALUME is noted.

- Gallium additions to the liquid alloy have no effect on the ZINCALUME galvanizing
process.

Copper

A dditions

- Copper segregates to the interdendritic regions during solidification of the
ZINCALUME coating, thereby forming copper-bearing phases in the zinc-rich eutectic.
Copper is also incorporated into the top of the intermetallic alloy layer, adjacent to the
coating overlay.

- The increase in aluminium-rich dendrite hardness with copper concentration is not
associated with an increase in cracking severity. In fact, coating ductility is not
significantly affected by copper additions of up to 1.0%.

- Copper additions of up to 1.0% do not affect paintability of ZINCALUME.

- Copper additions have a progressively detrimental effect on the salt spray corrosion
resistance of unpainted ZINCALUME , so that 1.0%Cu coatings effectively have only
20% the expected life of ZINCALUME coatings under the same conditions.

- The ZINCALUME galvanizing process is not affected by copper additions to the liquid
alloy.

Therefore, none of the additions made singly show sufficient beneficial effect to warrant
further investigation as modifying elements capable of improving the mechanical and/or
corrosion properties of ZINCALUME. Where there are obvious improvements to
performance (such as the salt spray resistance and Edge Undercutting of magnesiumcontaining coatings), there are associated detrimental effects (such as a decrease in
coating ductility) which negate the benefits.
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APPENDICES

Appendix 1(a) ; Commercial Process Specification for the

Indicator types Bre;

Pt
OC(i

Phenolphthaleln
Uromocresol Creen

Pretreatment of ZINCALUME.
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Appendix 1(b) : Residual Chromium Levels after Laboratory
Pretreatment of "Double-Dipped” ZINCALUME.

Coating

Residual Chromium Level (mg/m2)

Mg Control

17.2

0.1 %Mg

13.6

0.5%Mg

16.0

1.0%Mg

9.8

2.5%Mg

11.4

Ca Control

14.3

0.1 %Ca

13.7

0.2%Ca

18.0

0.5%Ca

13.5

Ga Control

17.1

0.05%Ga
0.2%Ga

15.5

0.5%Ga

13.4

1.0%Ga

16.7

Cu Control

18.2

0.05%Cu

18.6

0.1 %Cu

14.3

0.5%Cu

16.6

1.0%Cu

17.9

11.3
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Appendix 2 :

Compositional Analyses for Phases in the Alloy

Microstructures presented in Section 6.1.2.

(a)

Centre of aluminium-rich dendrite (I-phase) in magnesium control alloy.
(See A in Fig.6.1(b))
EL

NORM. K-RATIO

AL-K 0 . 6 9 8 2 9 + - 0 . 0 0 3 0 3
ZN-K 0 . 3 0 1 7 1 + - 0 . 0 0 6 3 2
ZAF C0RRECTI ON

1 5 . 0 0 KV

No. o-f I t e r a t i o n s 43
— K
[ Z3
CAD
AL- K 0 . 6 9 8
0.979
1 .450
ZN- K 0 . 3 0 2
1.121
0.999
* - High A b s o r b a n c e

(b)

CFD
1 .000
1.000

4 0 . 0 0 De gs

CZAF]
1 .420
1.120

ATOM .X in .y .
87.57
74.53
12.43
25.47

Edge of aluminium-rich dendrite (I-phase) in magnesium control alloy.
(See B in Fig.6.1(b))
EL

NORM. K-RATIO

AL-K 0 . 4 8 8 7 3 + - 0 . 0 0 2 6 1
ZN-K 0 . 5 1 1 2 7 + - 0 . 0 0 8 4 8
ZAF CORRECTION
No.

1 5 . 0 0 KO

I t e r a t i o n s 10
[A3
CZD
K
1
.
7
28
0.966
AL--K 0 . 4 8 9
0.999
1 .098
ZN--K 0 . 5 1 1
* - High A b s o r b a n c e
—

40.00

Degs

of

- -

CFD
1.000
1 . 000

[ZAF]
1 .669
1 .097

ATOM .y. u r . y
59.24
77.78
22.22
40.76
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(c)

Zinc-rich phase (Il'-phase) in the most central position of the interdendritic region
in magnesium control alloy. (See C in Fig.6.1(b))
EL

NORM. K-RATIO

AL-K 0 . 0 2 0 1 6 ♦ - 0 . 0 0 0 4 3
ZN-K 0 . 9 7 9 8 4 + - O. 0C944
ZAF CORRECTI ON

1 5 . 0 0 KV

' o-f I t e r a t i o n s
5
K
[ Z3
CAD
AL- K 0 . 0 2 0
0.914
2.683
ZN- K 0 . 9 8 0
1 .008
1 . 000
* - Hi gh A b s o r b a n c e

4 0 . 0 0 Degs

No.
—

CF3
1 . 000
1 . 000

CZAF]
2.452
1 .008

ATOM .7. U T . /
4.77
10.75
89.25
95.23

*

(d) Fine zinc-rich eutectic (II-phase) in magnesium control alloy. (See D in Fig.6.1(b))
EL

NORM. K-RATIO

AL-K 0 . 1 3 5 1 9 + - 0 . 0 0 1 2 4
ZN-K 0 . 8 6 4 8 1 +- 0 . 0 0 9 9 2
ZAF CORRECTI ON

1 5 . 0 0 KV

o-f I t e r a t i o n s
4
CZI
K
CAD
0.934
2.347
AL- K 0 . 1 3 5
1 . 000
1 .042
ZN- K 0 . 8 6 5
* - Hi gh A b s o r b a n c e

40.00

Degs

No.
—

(e)

CFD
1.000
1 . 000

CZAFD
2.191
1 .041

ATOM// U T . /
44.19
24.75
55.81
75.25

Coarse zinc-rich eutectic (II-phase) in magnesium control alloy.
(See E in Fig.6.1(b))
EL

NORM. K-RATIO

AL-K 0 . 1 7 7 4 5 + - 0 . 0 0 1 3 9
ZN-K 0 . 8 2 2 5 5 + - 0 . 0 0 9 5 0
ZAF CORRECTION

1 5 . 0 0 KV

No. o-f I t e r a t i o n s
3
— —
CAD
CZ3
K
2
.
2
50
0
.
9
3
9
0
.
1
7
7
AL--K
1.000
1.051
ZN*-K 0 . 8 2 3
* - High

Absorbance

CFD
1.000
1.000

4 0 . 0 0 Degs

[ZAF]
2.113
1 . 051

ATOM./ U T . /
30.26
51 . 0 9
48.91
69.74

(f)

High-silicon phase in magnesium control alloy. (See F in Fig.6.1(b))
EL

NORM. K-RATIO

AL-K 0 . 0 4 5 9 8 + - 0 . 0 0 0 7 7
SI -K 0 . 9 5 4 0 2 + - 0 . 0 0 3 2 7
ZAF CORRECTI ON

1 5 . 0 0 KV

o-f I t e r a t i o n s 19
K
CZ3
CA3
AL- K 0 . 0 4 6
1.031
1.031
SI- K 0.954
0.999
1 .046
* - Hi gh A b s o r b a n c e

4 0 . 0 0 Degs

No .
—

(g )

CF3
0.935
1 . 000

t ZAF3
0.994
1 .045

ATOM.X UT.7.
4.54
4.39
95.46
95.61

Needle-type quaternary intermetallic phase (IY'-phase) in magnesium control alloy.
(See Fig.6.1(c))
EL
A» -K
FE-K
ZN-K
SI - K

NORM. K-RATIO
0.51311
0.26103
0.10480
0.12106

++++-

0.00280
0.00372
0.00402
0.00127

ZAF CORRECTI ON

1 5 . 0 0 KV

6
N o . o-f I t e r a t i o n s
—
CZ]
CAD
K
1 .398
0.982
AL-K 0 . 5 1 3
1 .006
1 .085
FE-K 0 . 2 6 1
1.124
1 .008
ZN-K 0 . 1 0 5
1 .865
0.951
SI -K 0 . 1 2 1
* - High

Absorbance

CFD
0.997
0.991
1.000
1 . 000

4 0 . 0 0 Degs

CZAF]
1.369
1 .082
1.132
1 .774

ATOM./. UT.7.
64.14
53.27
12.44
21 . 4 3
9.00
4.50
18.91
16.29
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(h )

Network-type quaternary intermetallic phase (IV'-phase) in magnesium control
alloy. (See Fig.6.1(d))
EL
AL-K
FE-K
ZN-K
Sl-K

NORM. K-RATIO
0.54840
0.29125
0.10712
0.05323

++++-

0.00275
0.00373
0.00385
0.00080

ZAF CORRECT I ON

1 5 . 0 0 KV

N o . o-f I t e r a t i o n s
5
— K
CA]
CZ3
AL- K 0 . 5 4 8
0.977
1 . 431
FE- K 0 . 2 9 1
1 .079
1 .005
ZN- K 0 . 1 0 7
1.117
1 .008
SI- K 0.053
0.946
1 . 960
# - Hi gh A b s o r b a n c e

( i)

CF]
0.999
0.991
1.000
1 . 000

4 0 . 0 0 Degs

t ZAF]
1 .396
1 .075
1.127
1 .853

ATOM. 7. UT . 7
72.09
5 8 . 97
14.22
2 4 . 13
9 . 30
4.72
8.96
7 . 60

*

*

Magnesium-bearing phase mixture (V-phase) in 0.1 %Mg alloy.
(See A in Fig.6.2(a))
EL

NORM. K-RATIO

AL-K 0 . 0 2 7 3 6 + - 0 . 0 0 0 4 1
ZN-K 0 . 9 5 8 2 6 + - 0 . 0 0 7 6 8
MG-K 0 . 0 1 4 3 9 + - 0 . 0 0 0 3 2
ZAF CORRECTI ON

1 5 . 0 0 KV

No . o-f I t e r a t i o n s
6
— CA3
K
CZ]
2.657
AL- K 0 . 0 2 7
0.922
1 . 000
ZN- K 0 . 9 5 8
1 .020
3.694
MG- K 0 . 0 1 4
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* - High

Absorbance

CF]
1.000
1 . 000
1.000

4 0 . 0 0 Degs

CZAF]
2.449
1.020
3.260

ATOM.7 UT . 7
12.74
6.14
77.22
89.56
10.04
4.30

*
*

(j)

Zinc-rich phase (Il’-phase) in 0.1 %Mg alloy. (See B in Fig.6.2(a))
EL

NORM. K-RATIO

AL-K 0 . 0 0 3 8 1 + - 0 . 0 0 0 1 5
ZN-K 0 . 9 9 6 1 9 + - 0 . 0 0 7 5 5
ZAF CORRECTI ON

1 5 . 0 0 KV

40.00

Degs

No .

o-f I t e r a t i o n s
3
K
CAD
CZ3
AL- K 0 . 0 0 4
0.910
2.745
ZN- K 0 . 9 9 6
1 .002
1 . 000
* - Hi gh A b s o r b a n c e
—

(k)

CF]
1 . 000
1 . 000

[ZAF]
2.498
1 .002

ATOM./ UT.X
2.24
0.94
97.76
99.06

Fine zinc-rich eutectic (II-phase) in 0. l%Mg alloy. (See C in Fig.6.2(a))
EL

NORM. K-RATIO

AL-K 0 . 1 5 2 0 6 + - 0 . 0 0 1 0 2
2N-K 0 . 8 4 7 9 4 + - 0 . 0 0 7 6 3
ZAF CORRECTION

1 5 . 0 0 KV

N o . o-f I t e r a t i o n s
4
—
K
[ Z]
[A]
AL-K 0 . 1 5 2
0.936
2.307
ZN-K 0 . 8 4 8
1 .045
1 .000
* - Hi gh A b s o r b a n c e

(1)

CF]
1.000
1.000

4 0 . 0 0 Degs

CZAF] ATOM.'/ UT.Z
2.159
47.14
27.03
1.045
52.86 72.97

*

Very large needle-type quaternary intermetallic particle (TV'-phase) in 0.1 %M
alloy. (See D in Fig.6.2(b))
EL
AL-K
FE-K
ZN-K
SI - K

NORM. K-1RATIO
0.57358
0.26791
0.05369
0.10481

++++-

0.00206
0.00261
0.00200
0.00082

ZAF 1CORRECTION

1 5 . 0 0 KV

6
N o . <o-f I t e r a t i o n s
—
[A]
[
Z]
K
1 . 334
0 .984
AL-K 0 . 5 7 4
1.089
1.006
FE-K 0 . 2 6 8
0
.
0
5
4
1
.
1
2
8
1
.008
ZN-K
0.953
1 .883
0.105
SI - K
* - High

Absorbance

[ F]
0.997
0.995
1.000
1 . 000

4 0 . 0 0 Degs

[ZAF]
1 . 310
1 . 090
1.137
1 .795

ATOM./ UT.Z
68.36
58.12
12.82
22.60
2.31
4.73
16.51
14.56
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(m ) Coarse magnesium-bearing phase mixture (V-phase) in 0.5%Mg alloy.
(See A in Fig.6.3(a))
EL

NORM. K-RATIO

2N-K 0 . 9 7 5 9 4 + - 0 . 0 1 2 2 5
MG-K 0 . 0 2 0 1 6 ♦ - 0 . 0 0 0 6 1
AL-K 0 . 0 0 3 9 0 + - 0 . 0 0 0 2 4
ZAF CORRECTION

1 5 . 0 0 KV

o-f I t e r a t i o n s
8
K
CZ3
CA3
ZN- K 0 . 9 7 6
1.016
1.000
MG- K 0 . 0 2 0
0.881
3.784
AL- K 0 . 0 0 4
0.920
2.741
* - Hi gh A b s o r b a n c e

4 0 . 0 0 Degs

No .
—

(n )

-

CF3
1.000
1 . 000
1 .000

CZAF]
1.016
3.332
2.521

ATOM./. UT.7.
92.79
82.82
6.29
15.20
1.98
0.92

*
*

Zinc-rich part of magnesium-bearing phase mixture (V-phase) in 0.5%Mg alloy.
(See B in Fig.6.3(a))
EL

NORM. K-RATIO

ZN-K 0 . 9 9 3 8 1 + - 0 . 0 1 2 1 2
AL-K 0 . 0 0 6 1 9 + - 0 . 0 0 0 3 0
ZAF CORRECTION

1 5 . 0 0 KV

4
No. o-f I t e r a t i o n s
CA3
------K
CZ]
1 . 000
ZN-K 0 . 9 9 4
1.003
2.736
AL-K 0 . 0 0 6
0.910
* - High

Absorbance

[F3
1.000
1.000

4 0 . 0 0 Degs

CZAF]
1 .003
2.491

ATOM.7. UT.7.
98.48
96.41
1 .52
3.59

*

-
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( o ) Zn-Al-Mg phase in centre of interdendritic region in 0.5%Mg alloy.
(See D in Fig.6.3(b))
EL

NORM. K-RATIO

ZN-K 0 . 9 2 7 9 1 + - 0 . 0 0 8 6 2
MG-K 0 . 0 6 4 1 7 + - 0 . 0 0 0 7 8
AL-K 0 . 0 0 7 9 1 + - 0 . 0 0 0 2 5
ZAF CORRECTI ON

1 5 . 0 0 KV

No. o-f I t e r a t i o n s
8
— K
CZ3
t A3
ZN- K 0 . 9 2 8
1.041
1.000
MG- K 0 . 0 6 4
0.897
3.464
AL- K 0 . 0 0 8
0.936
2.718
* - High A b s o r b a n c e

(p )

40.00

CF3
1 . 000
1 . 000
1.000

CZAF 3
1 . 041
3.106
2.545

Degs

ATOM.7. in .y .
62.15
81.49
34.73
16. 81
1 . 70
3.12

Mg-Si intermetallic phase in 0.5%Mg alloy. (See C in Fig.6.3(a))
EL

NORM. K-RATIO

MG-K 0 . 7 0 7 2 9 + - 0 . 0 0 3 8 1
SL-K 0 . 2 9 2 7 1 + - 0 . 0 0 2 0 9
ZAF CORRECTI ON

1 5 . 0 0 KV

N o . o-f I t e r a t i o n s
4
—
K
CZ3
CA3
MG- K 0 . 7 0 7
0.995
1.036
1 .008
SI- K 0.293
1 .543
* - High A b s o r b a n c e

(q )

CF3
0.994
1 . 000

40.00

[ZAF]
1 .025
1 .556

Degs

AT0M.7. UT.7.
65.01
61.43
38.57
34.99

*

Fine zinc-rich eutectic (II-phase) in 2.5%Mg alloy. (See B in Fig.6.5)
EL

NORM. K-RATIO

ZN-K 0 . 8 5 0 2 3 + - 0 . 0 0 8 4 6
AL-K 0 . 1 4 9 7 7 + - 0 . 0 0 1 1 2
ZAF CORRECTION

1 5 . 0 0 KV

No. o-f I t e r a t i o n s
0
-- CA]
CZ3
K
1 .000
1 .045
ZN-K 0 . 8 5 0
2.313
0.936
AL-K 0 . 1 5 0
* - High

Absorbance

4 0 . 0 0 Degs

CF3

1.000
1. 000

[ZAF]
1 .045
2.164

ATOM.7. UT.7.
53.24
73.27
26.73
46.76

*
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(r)

Ai-Si-Ca phase in 0. l%Ca alloy. (See A in Fig.6.6(b))
EL

NORM. K-RATIO

.

AL-K 0 . 4 2 3 1 0 + - 0 . 0 0 1 8 2
SI -K 0 . 3 2 9 4 1 + - 0 . 0 0 1 5 0
CA-K 0 . 2 4 7 4 9 + - 0 . 0 0 1 5 5
ZAF CORRECTION

1 5 . 0 0 KV

N o . o-f I t e r a t i o n s
1
—
-K
CZ3
CA3
AL--K 0 . 4 2 3
1.014
1 . 101
SI- -K 0 . 3 2 9
0.982
1 .478
CA*-K 0 . 2 4 7
1.012
1 .083
* - Hi gh A b s o r b a n c e

(s)

CF3
0.988
0.999
1.000

40.00

CZAF 3
1.103
1.450
1.096

De g s

ATOM .7. UT.X
42.02
38.38
41 . 4 9
39.30
16.49
22.32

*

Zinc-rich eutectic (II-phase) in 1.0%Ga alloy. (See A in Fig.6.8(b))
EL

NORM. K-RATIO

AL-K 0 . 4 2 6 1 2 + - 0 . 0 0 0 8 3
ZN-K 0 . 5 5 1 8 1 + - 0 . 0 0 3 0 2
GA-K 0 . 0 2 2 0 6 + - 0 . 0 0 0 7 3
ZAF CORRECTION

1 5 . 0 0 KV

N o . o-f I t e r a t i o n s
9
—
CZ 3
K
[A3
AL-K 0 . 4 2 6
0.961
1.821
ZN-K 0 . 5 5 2
1 .089
1 .000
GA-K 0 . 0 2 2
1.142
0.999
* - Hi gh A b s o r b a n c e

(t)

CF]
1 .000
1.000
1.000

40.00

CZAF 3
1.749
1.089
1.141

De g s

ATOM.*/ l*JT. /
74.19
54.35
24.84
43.81
0.97
1 .84

*

Copper-bearing phase mixture within zinc-rich phase (H’-phase) in 0.5%Cu alloy.
(See A in Fig.6.10)
EL

NORM.- K-RATIO

ZN-K 0 . 8 9 3 7 6 + - 0 . 0 0 8 0 1
AL-K 0 . 0 6 1 1 4 + - 0 . 0 0 0 6 6
CU-K 0 . 0 4 5 1 1 + - 0 . 0 0 1 5 5
1 5 . 0 0 KV

ZAF CORRECTION

No. o-f Iterations
- -

De g s

4

CZ3
CA3
K
1
.
0
00
1
.
0
2
1
0
.
8
9
4
ZN--K
2.541
0.921
AL--K 0 . 0 6 1
1.001
1.036
CU-■K 0 . 0 4 5
* - Hi gh A b s o r b a n c e
—

40.00

CF]
1.000
1.000
1 .000

CZAF 3
1.021
2.341
1.036

ATOM.*/. WT.X
69.96
82.78
26.41
12.98
4.24
3.64

*
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(u )

Zinc-rich phase (Il'-phase) in 0.5%Cu alloy. (See B in Fig.6.10)
EL

NORM. K-RATIO

ZN-K 0 . 9 7 1 9 7 + - 0 . 0 0 8 3 9
AL-K 0 . 0 0 4 8 2 + - 0 . 0 0 0 1 9
CU-K 0 . 0 2 3 2 2 +- 0 . 0 0 1 1 2
ZAF CORRECTION

1 5 . 0 0 KV

No . o-f I t e r a t i o n s
3
------K
CZ3
CAD
ZN-K 0 . 9 7 2
1 .002
1 . 000
AL-K 0 . 0 0 5
0.910
2.737
CU-K 0 . 0 2 3
1 .016
1 .001
* - High Ab s o r b a n c e

(v )

CFD
1 .000
1 . 000
1.000

40.00

CZAF]
1 .002
2.490
1 .017

Degs

ATOM . 7 u i.y .
94.85
96.47
2.81
1.19
2.34
2.34

Coarse zinc-rich eutectic (II-phase) in 0.5%Cu alloy. (See C in Fig.6.10)
EL

NORM. K-RATIO

ZN-K 0 . 8 1 2 6 8 + - 0 . 0 0 8 0 9
AL-K 0 . 1 7 4 1 5 + - 0 . 0 0 1 1 8
CU-K 0 . 0 1 3 1 6 ♦ - 0 . 0 0 0 8 9
ZAF lCORRECTION

1 5 . 0 0 KV

40.00

Degs

No.

o-f I t e r a t i o n s
3
K
CZ 3
CAD
ZN-K 0 . 8 1 3
1 . 050
1 . 000
AL-K 0 . 1 7 4
0.938
2.256
CU-K 0 . 0 1 3
1 .064
1 .001
* - High Ab s o r b a n c e
—

CFD
1 . 000
1 . 000
1 . 000

CZAFD
1 .050
2.117
1 .065

ATOM .7. UT.7.
48.61
69.03
50.58
29.83
0.81
1.13

(w ) Fine zinc-rich eutectic (II-phase) in 0.5%Cu alloy. (See D in Fig.6.10)
EL

NORM. K-RATIO

ZN-K 0 . 8 5 5 8 6 +- 0 . 0 0 8 4 1
AL-K 0 . 1 3 1 5 5 + - 0 . 0 0 1 0 4
CU-K 0 . 0 1 2 5 9 + - 0 . 0 0 0 8 8
ZAF CORRECTION

1 5 . 0 0 KV

No. o-f I t e r a t i o n s
3
—
- [A3
CZD
K
1.000
1.041
ZN--K 0 . 8 5 6
2.354
0.933
AL--K 0 . 1 3 2
1.001
1
.
0
5
4
CU--K 0 . 0 1 3
*
High A b s o r b a n c e

CFD
1.000
1.000
1 . 000

40.00

CZAF3
1.040
2.197
1.055

De gs

ATOM./. UT./.
55.67
74.66
43.49
24.23
0.84
1. 11

*
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( x ) Copper-bearing phase mixture in zinc-rich phase (Il'-phase) in 1.0%Cu alloy.
(See A in Fig.6.11(a))
EL

NORM. K-RATIO

ZN-K 0 . 9 2 0 5 3 + - 0 . 0 0 8 3 8
AL-K 0 . 0 4 2 2 7 + - 0 . 0 0 0 5 7
CU-K 0 . 0 3 7 2 1 + - 0 . 0 0 1 4 5
ZAF CORRECTION
No .
—

1 5 . 0 0 KV

of
—

ZN-■K
AL*-K
CU--K
* -

Iterations
4
K
CZ]
CA3
0.921
1 .015
1 . 000
0.042
0.918
2.602
0.037
1.030
1 . 001
Hi gh A b s o r b a n c e

4 0 . 0 0 Degs

CF]
1 . 000
1 . 000
1 . 000

CZAF]
1 .015
2.389
1 . 030

ATOM.X ut :/.
76.82
87.03
19.98
9.40
3.20
3.57

( y ) High-copper phase in interdendritic region of 1.0%Cu alloy. (See B in Fig.6.11(b))
EL

NORM. K-RATIO

ZN-K 0 . 0 8 3 6 8 + - 0 . 0 0 3 1 5
AL-K 0 . 2 9 0 4 2 + - 0 . 0 0 1 8 5
CO-K 0 . 6 2 5 9 0 + - 0 . 0 0 7 4 5
ZAF CORRECTION

1 5 . 0 0 KV

of I t e r a t i o n s
6
—
CZI
CA3
K
0.999
1.062
ZN-■K 0 . 0 8 4
1 .955
0.942
AL-•K 0 . 2 9 0
cu--K 0 . 6 2 6 1 . 0 7 4 1 . 000
* - Hi gh A b s o r b a n c e

4 0 . 0 0 Degs

No .
—

CF]
1 . 000
1 . 000
1 . 000

[ZAF]
1 . 061
1 . 841
1 .074

ATOM.*/ UT.'/
6 .85
4.31
41 . 2 6
62.52
33.17
51 . 8 8

*
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Appendix 3 :

Compositional Analyses for Phases in the

Coating Microstructures presented in Section 6.2.3.

(a)

Centre of aluminium-rich dendrite (I-phase) in magnesium control coating.
(See A in Fig.6.24(b))
EL

NORM. K-RATIO

AL-K 0 . 6 4 4 7 0 ♦ - 0 . 0 0 2 3 2
ZN-K 0 . 3 3 5 3 0 +- 0 . 0 0 5 2 4
ZAF CORRECT 11ON

1 5 . 0 0 KV

N o . o-f I t e r a t i o n s 30
—
K
CA3
CZ3
1 . 494
0.977
AL- K 0 . 6 4 5
0.999
1.117
ZN- K 0 . 3 3 5
* - Hi gh Ab s o r b a n c e

(b)

CF3
1 . 000
1 . 000

40.00

t ZAF]
1 .459
1.117

Degs

a t o m . t:

86.17
13.83

UT.X
72.13
27.87

*

Zinc-rich phase (IF-phase) in magnesium control coating. (See B in Fig.6.24(b))
EL

NORM. K-RATIO

AL-K 0 . 0 2 0 6 4 +- 0 . 0 0 0 2 1
ZN-K 0 . 9 7 9 3 6 +- 0 . 0 0 4 5 2
ZAF CORRECTION

1 5 . 0 0 KV

o-f I t e r a t i o n s
5
[A3
K
CZ3
2
.
6
82
0
.
9
1
4
AL--K 0 . 0 2 1
1 . 000
1.008
ZN--K 0 . 9 7 9
* - Hi gh Ab s o r b a n c e

4 0 . 0 0 Degs

No .
—

—

[F3
1.000
1.000

CZAF 3
2.451
1.008

ATOM.7. UT.7.
4.87
10.98
95.13
89.02
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(c)

Fine zinc-rich eutectic (II-phase) in magnesium control coating.
(See C in Fig.6.24(b))
EL

NORM. K-RATIO

AL-K 0 . 0 9 7 2 ? + - 0 . 0 0 0 4 ?
ZN-K 0 . 9 0 2 7 1 + - 0 . 0 0 4 6 ?
ZAF CORRECTION
No.

1 5 . 0 0 KV

Iterations
4
K
CZ3
[A]
AL--K 0 . 0 9 7
0.928
2.444
ZN--K 0 . 9 0 3
1 .032
1 . 000
* - Hi gh A b s o r b a n c e

of

— --

(d )

4 0 . 0 0 Degs

CF]
1.000
1 .000

CZAF]
2.268
1 .032

ATOM./. UT.H
19.15
36.31
63.69
80.85

*

Silicon-rich phase (Ill-phase) in magnesium control coating. (See D in Fig.6.24(b))
EL

NORM. K-RATIO

AL-K 0 . 0 7 6 9 7 + - 0 . 0 0 0 5 1
ZN-K 0 . 0 4 8 7 5 + - 0 . 0 0 1 2 8
Sl-K 0 . 8 7 4 2 8 +- 0 . 0 0 1 5 9
ZAF CORRECTION

1 5 . 0 0 KV

No . o f I t e r a t i o n s 22
—
-[A3
CZ 3
K
.
1
18
1
.
0
2
4
1
0
.
0
7
7
AL*-K
1.182
1 . 000
ZN--K 0 . 0 4 9
0.992
1 .136
SI--K 0 . 8 7 4
* - Hi gh A b s o r b a n c e

(e)

CF3
0.958
1 . 000
1.000

4 0 . 0 0 Degs

[ZAF]
1 .097
1.182
1.127

ATOM.X UT.7.
7.49
7.98
5.12
2.26
89.76
87.39

Top intermetallic alloy layer in magnesium control coating. (See E in Fig.6.24(b))
EL
AL-K
FE-K
ZN-K
SI - K

NORM. K-RATIO
0.51734
0.30636
0.11519
0.06111

+ - 0. 0 0 2 0 8
+- 0 . 0 0 2 9 8
+ - 0. 0 0 3 1 2
+ - 0 . 00067

ZAF CORRECTION
No . o f
------AL-K
FE-K
ZN-K
SI-K

1 5 . 0 0 KV

7
Iterations
CA3
CZ3
K
0
.
9
7
6
1
.
4
55
0.517
1.077
1.005
0.306
1.009
1.115
0.115
1.941
0.945
0.061

* - High

Absorbance

CF]
0.998
0.990

1.000
1.000

4 0 . 0 0 Degs

[ZAF3
1.417
1.073
1.125
1.833

ATOM. V. UT.-/
69.59
56.25
15.04
25.22
5.11
9.94
10.26
8.60
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(f)

Bottom intermetallic alloy layer in magnesium control coating.
(See F in Fig.6.24(b))
EL
AL-K
FE-K
ZN-K
SI-K

NORM. K-RATIO
0.54857
0.38321
0.0449?
0.02123

++++-

0.00214
0.00336
0.00200
0.00040

ZAF CORRECTION

1 5 . 0 0 YSJ

o*f I t e r a t i o n s
5
-K
CAD
CZ3
AL-■K 0 . 5 4 9
0.973
1.431
FE--K 0 . 3 8 3
1 .075
1 .005
ZN--K 0 . 0 4 7
1.113
1 .011
0.943
1 .975
SI- -K 0 . 0 2 1
* - High Ab s o r b a n c e

4 0 . 0 0 Degs

No .
—

(g )

CFD
0.999
0.994
1 . 000
1 . 000

CZAF]
1 .392
1 .076
1.126
1 .862

ATOM./. UT. /
74.68
60.21
19.44
32.51
4.17
2.15
3.73
3.12

*

*

Magnesium-bearing eutectic (V-phase) in 0.1 %Mg coating. (See A in Fig.6.25(b))
EL

NORM. K-RATIO

AL-K 0 . 0 1 1 3 1 + - 0 . 0 0 0 1 4
ZN-K 0 . 9 7 8 1 8 + - 0 . 0 0 4 7 4
MG-K 0 . 0 1 0 5 1 +- 0 . 0 0 0 1 7
ZAF CORRECTION
N o . of
—
AL-K
ZN-K
MG-K
* -

1 5 . 0 0 KV

6
Iterations
K
CAD
CZD
2.715
0.011
0.917
1 . 000
0.978
1.012
3.817
0.878
0.011
High A b s o r b a n c e

CF3
1.000
1.000
1.000

40.00

[ZAF]
2.489
1.012
3.351

Degs

ATOM./ UT.Z
5.88
2.67
93.99
85.85
3.34
8.27
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(h )

Mg-Si intermetallic phase (Mg2Si) in 0.5%Mg coating. (See A in Fig.6.26(a))
EL

NORM. K-RATIO

M6-K 0 . 7 0 4 7 3 + - 0 . 0 0 2 7 7
SI-K 0 . 2 9 5 2 7 + - 0 . 0 0 1 5 3
ZAF CORRECTI ON

1 5 . 0 0 KV

N o . o-f I t e r a t i o n s
4
—
K
CZ3
CAD
MG- K 0 . 7 0 5
0.995
1.034
SI- K 0.295
1.008
1 . 541
* - Hi gh A b s o r b a n c e

(i)

CF3
0.994
1.000

4 0 . 0 0 Degs

[ZAF3
1 .024
1 .553

ATOM./. u t . x
41.18
44.77
35.23
38.82

Zn-Mg phase (MgZn2) in centre of interdendritic regions in 0.5%Mg coating.
(See B in Fig.6.26(b))
EL

NORM. K-RATIO

ZN-K 0 . 9 3 0 9 3 + - 0 . 0 0 4 3 7
MG-K 0 . 0 4 0 1 4 + - 0 . 0 0 0 5 4
AL-K 0 . 0 0 8 9 1 + - 0 . 0 0 0 2 0
ZAF CORRECTION

1 5 . 0 0 KV

8
N o . <D-f I t e r a t i o n s
—
[A3
C
Z
D
K
1 .000
1 .040
ZN-K 0 . 9 3 1
3.484
0.894
MG-K 0 . 0 4 0
2.715
0.935
AL-K 0 . 0 0 9
* - Hi gh Absorban<: e

(j)

CFD
1 . 000
1 . 000
1 . 000

4 0 . 0 0 Degs

CZAF]
1.039
3.119
2.540

ATOM./. UT./.
82 . 15
43.23
15 . 93
33.21
1 .92
3.54

*
*

Fine zinc-rich eutectic (II-phase) in 0.5%Mg coating. (See C in Fig.6.26(b))
EL

NORM. K-RATIO

ZN-K 0 . 9 5 5 3 1 + - 0 . 0 0 4 9 3
MG-K 0 . 0 3 8 4 5 + - 0 . 0 0 0 3 4
AL-K 0 . 0 0 4 0 4 + - 0 . 0 0 0 1 2
ZAF CORRECTION

1 5 . 0 0 KV

9
No . o*f I t e r a t i o n s
[A]
------K
CZ]
1.000
ZN-K 0 . 9 5 5
1.028
3.440
MG-K 0 . 0 3 9
0.888
2
.731
AL-K 0 . 0 0 4
0.927
* - Hiqh

Absorbance

CF]
1.000
1.000
1.000

4 0 . 0 0 De gs

[ZAF]
1.028
3.232
2.530

ATOM./. UT./.
87.51
72.34
11.13
24.93
2.71
1.34
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(k )

Fine zinc-rich eutectic (II-phase) in 1.0%Mg coating. (See A in Fig.6.27(b))
EL

NORM. K-RATIO

ZN-K 0 . 9 0 2 8 4 +- 0 . 0 0 4 2 3
MG-K 0 . 0 1 9 1 9 + - 0 . 0 0 0 2 1
AL-K 0 . 0 7 7 9 7 + - 0 . 0 0 0 3 9
2AF CORRECTION

1 5 . 0 0 KV

o-f I t e r a t i o n s
3
—
K
CZ3
CA3
ZN--K 0 . 9 0 3
1.037
1 . 000
MG--K 0 . 0 1 9
0.892
3.412
AL--K 0 . 0 7 8
0.932
2.499
* - Hi gh Ab s o r b a n c e

4 0 . 0 0 De gs

No .
—

(I)

CF3
1 . 000
0.999
1 . 000

[ZAFI
1 .037
3. 041
2.329

ATOM.X u i.y .
61.13
79.60
10.32
4.96
15.44
28.55

*
*

Zn-Mg eutectic (V-phase) in 2.5%Mg coating. (See A in Fig.6.28)
EL

NORM. K-RATIO

ZN-K 0 . 9 8 5 1 3 ♦ - 0 . 0 0 4 2 3
MG-K 0 . 0 1 4 8 7 +- 0 . 0 0 0 1 8
ZAF CORRECT I ON

1 5 . 0 0 KV

No. o-f I t e r a t i o n s
8
— CA]
K
CZ3
ZN- K 0 . 9 8 5
1 . 011
1.000
MG- K 0 . 0 1 5
0.878
3.849
* - Hi gh Ab s o r b a n c e

[F3
1.000
1 . 000

4 0 . 0 0 Degs

[ZAF]
1 . 011
3.378

ATOM .X UT.X
95.20
87.98
4.80
12.02

*

(m ) Ca-Si-Al phase in 0.1 %Ca coating. (See A in Fig.6.29(b))
EL

NORM. K-RATIO

AL-K 0 . 4 2 7 0 6 +- 0 . 0 0 1 3 5
SI-K 0 . 3 2 9 9 4 +- 0.00111
CA-K 0 . 2 4 3 0 0 +- 0 . 0 0 1 1 3
ZAF CORRECTION

1 5 . 0 0 KV

No . o-f I t e r a t i o n s
4
— -[A]
[Z]
K
1
.
1
00
1
.
0
1
4
AL--K 0 . 4 2 7
1 .481
0.982
SI--K 0 . 3 3 0
1.083
1.012
CA--K 0 . 2 4 3
* - High

Absorbance

[ F]
0.988
0.999
1.000

4 0 . 0 0 De gs

[ZAF]
1.101
1 .452
1.097

ATOM./. WT./.
38.67
42.28
39.41
41 . 5 5
16.17
21 .91

*
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(n )

Zinc-rich eutectic (II-phase) in l.O%Ga coating. (See A in Fig.6.32(b))
EL
ZN-K
AL-K
FE-K
GA-K

NORM. K-RATIO
0.61383
0.35183
0.01850
0.01585

++++-

0.00189
0.00045
0.00019
0.00037

ZAF CORRECTION

1 5 . 0 0 KV

No .
—

o-f I t e r a t i o n s
7
K
CZ3
[A3
ZN-K 0 . 6 1 4
1.080
1.000
AL-K 0 . 3 5 2
0.955
1.924
FE-K 0 . 0 1 8
1.047
1.008
GA-K 0 . 0 1 6
1.133
0.999
* - Hi gh A b s o r b a n c e

[ FI
1.000
1.000
0.934
1 .000

4 0 . 0 0 De gs

CZAF 3
1.080
1.838
0.985
1.132

ATOM.V! trr.y.
29.36
49.25
68.97
48.06
0.94
1.35
0.74
1.33

s

(o ) Copper-bearing phase mixture in zinc-rich phase (H’-phase) in 0.5%Cu coating.
(See A in Fig.6.33(a))
EL

NORM. K-RATIO

2*J-K 0 . 9 5 2 7 0 + - 0 . 0 0 8 9 5
AL-K 0 . 0 0 9 7 2 + - 0 . 0 0 0 2 8
CU-K 0 . 0 3 7 5 8 +- 0 . 0 0 1 5 3
ZAF CORRECTION

1 5 . 0 0 KV

4 0 . 0 0 Degs

No.

o-f I t e r a t i o n s
3
K
CZ3
CA]
ZN- K 0 . 9 5 3
1.004
1.000
AL- K 0 . 0 1 0
0.911
2.716
CU- K 0 . 0 3 8
1.018
1.001
* - High A b s o r b a n c e
—

CF3
1 .000
1 .000
1 .000

CZAF3
1 .003
2.473
1 .019

ATOM. 7. UT.7.
90.81
93.88
5.49
2.36
3.69
3.76

*
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(p ) Top intermetallic alloy layer in 0.5%Cu coating. (See B in Fig.6.33(a))
EL
2N-K
AL-K
CU-K
FE-K
SI -K

NORM. K-RATIO
0.10928
0.51451
0.01351
0.29343
0.04907

++++-

0.00275
0.00188
0.00083
0.00244
+- 0.00044

2AF CORRECTION

1 5 . 0 0 KV

N o . o-f I t e r a t i o n s
7
K
CZ ]
CAD
ZN-K 0 . 1 0 9
1.114
1 .008
AL-K 0 . 5 1 5
0.974
1 .452
CU-K 0 . 0 1 4
1.124
1 .013
FE-K 0 . 2 9 4
1 .078
1 .004
SI -K 0 . 0 4 9
0.945
1 .932
* - High Ab s o r b a n c e
—

CF]
1 . 000
0.998
1 . 000
0.989
1 . 000

4 0 . 0 0 Degs

CZAFD
1.125
1 .415
1.140
1 .072
1 .824

ATOM
4.82
48.74
0.41
14.34
11.49

UT.X
9.41
55.48
1.18
24.09
9.45

(q ) Fine zinc-rich eutectic (II-phase) in 1.0%Cu coating. (See C in Fig.6.33(b))
EL

NORM. K-RATIO

ZN-K 0 . 7 7 4 0 0 + - 0 . 0 0 8 5 7
AL-K 0 . 2 0 3 4 3 + - 0 . 0 0 1 3 8
CU-K 0 . 0 2 0 3 7 ♦ - 0 . 0 0 1 2 0
ZAF CORRECTION

1 5 . 0 0 KV

No. o-f I t e r a t i o n s
5
— K
CZD
[A3
ZN- K 0 . 7 7 4
1.054
1 . 000
AL- K 0 . 2 0 4
0.942
2.193
1 . 049
CU- K 0 . 0 2 0
1 .001
* - High Ab s o r b a n c e

CF3
1. 000
1 .000
1.000

4 0 . 0 0 De gs

CZAF]
1 .055
2.045
1 .049

ATOM.7. UT. 7
44.94
44.19
54.42
33.34
1.19
1.73

*
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(r)

Top intermetallic alloy layer in 1.0%Cu coating. (See D in Fig.6.33(b))
EL
ZN-K
AL-K
CU-K
FE-K
SI-K

NORM. K-RATIO
0.13474
0.49348
0.02391
0.27457
0.07108

+++++-

0.0034?
0.00221
0.00133
0.00307
0.00078

ZAF CORRECTION

1 5 . 0 0 KV

o-f I t e r a t i o n s
7
K
CZI
[A3
ZN-K 0 . 1 3 7
1.113
1.008
AL-K 0 . 4 9 4
0.975
1 .484
CU-K 0 . 0 2 4
1.124
1.012
FE-K 0 . 2 7 5
1.074
1 .004
SI - K
0.071
0.944
1 .934
* - Hi gh A b s o r b a n c e

4 0 . 0 0 Degs

No .
—

CF3
1.000
0.998
1 . 000
0.984
1 . 000

t ZAF]
1.122
1 .444
1.137
1 .047
1 .827

ATOM. V. WT.X
4.04
11.45
54.1?
47.43
1 .09
2.04
13.38
22.24
11.87
9.84

*

*

( s ) Zinc-rich eutectic (II-phase) in 1,0%Cu coating. (See E in Fig.6.33(b))
EL
ZN-K
AL-K
CU-K
FE-K
SI-K

NORM. K-RATIO
0.85400
0.04744
0.05747
0.01310
0.00557

+++++-

ZAF CORRECTI ON

0.00870
0.00077
0.00195
0.00043
0.00021
1 5 . 0 0 KV

N o . o-f I t e r a t i ons
4
— CA3
K
CZ3
1 . 000
ZN- K 0 . 8 5 4
1 .025
2.498
0 .924
AL- K 0 . 0 4 8
cu- K 0 . 0 5 8 1 . 0 3 9 1 . 0 0 1
1 .008
1 .002
FE- K 0 . 0 1 3
0 .894
2.090
SI- K 0.004
* - Hi gh A b s o r b a n c e

[F]
1.000
1 . 000
1.000
0.894
1 . 000

4 0 . 0 0 Degs

CZAF3
1 .025
2.307
1 .040
0.904
1.847

ATOM. V. UT.7.
78.44
44.90
13.99
27.79
4.51
5.38
1.02
1 . 04
0.93
1.78

*

*
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Appendix 4 :

Compositional Analyses of the Phases in

Commercial and ’’Double-Dipped " ZINCALUME Coatings
presented in Section 6.2.4.

(a)

Intermetallic alloy layer in commercial ZINCALUME coating.
EL
ZN-K
AL*K
FE-K
SI -K

NORM. K-RAT10
0.09880
0.48512
0.34297
0.07331

++♦+-

0.00487
0.00327
0.00511
0.00119

ZAF CORRECT! ON

1 5 . 0 0 KV

o-f I t e r a t i o n s
8
—
K
[A3
CZ]
ZN- K 0 . 0 9 9
1.113
1.010
AL- K 0 . 4 8 5
0.975
1 . 484
FE- K 0 . 3 4 3
1 .078
1.005
SI- K 0.073
0.944
1 .908
* - Hi gh Ab s o r b a n c e

4 0 . 0 0 Degs

No .
—

(b )

CF3
1 . 000
0.998
0.992
1.000

CZAF3
1.125
1 .424
1 .073
1 .799

ATOM.X UT.Z
4.42
8.52
53.07
88.33
17.04
28.28
12.21
10.13

*
*

Centre of aluminium-rich dendrite (I-phase) in commercial ZINCALUME coating.
(See A in Fig.6.37(a))
EL

NORM. K-RATIO

ZN-K 0 . 3 0 8 5 0
AL-K 0 . 8 9 1 5 0

+- 0. 00 838
+- 0.00301

ZAF CORRECTION

1 5 . 0 0 KV

No . o-f I t e r a t i o n s 40
CA]
------K •
CZ]
0.999
ZN-K 0 . 3 0 8
1.120
1 . 459
AL-K 0 . 8 9 2
0.979
* - Hi gh Ab s o r b a n c e

CF3
1.000
1 . 000

4 0 . 0 0 Degs

CZAF 3
1.119
1 .428

ATOM.* UT /A
12.71
25.95
87.29
74.05

*
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(c)

Edge of aluminium-rich dendrite (I-phase) in commercial ZINCALUME coating.
(See B in Fig.6.37(a))
■ EL

NORM. K-RATIO

ZN-K 0 . 4 2 8 4 1 + - 0 . 0 0 7 7 5
AL-K 0 . 5 7 1 5 9 + - 0 . 0 0 2 8 2
ZAF CORRECTI ON

1 5 . 0 0 KV

4 0 . 0 0 Degs

No .

o-f I t e r a t i o n s 14
K
CZ3
CA3
ZN- K 0 . 4 2 8
1.107
0 .999
AL- K 0 . 5 7 2
0.971
1 .616
* - Hi gh A b s o r b a n c e
—

CF]
1 .000
1 .000

CZAF]
1.107
1 .569

ATOM.Z UT.Z
18.01
34.59
81 . 9 9 6 5 . 4 1

*

(d) Zinc-rich eutectic (II-phase) in interdendritic region of commercial ZINCALUME
coating. (See C in Fig.6.37(a))
EL

NORM. K-RATIO

ZN-K 0 . 8 7 4 2 8 + - 0 . 0 1 0 8 4
AL-K 0 . 1 1 1 2 3 + - 0 . 0 0 1 2 2
FE.-K 0 . 0 1 4 4 9 + - 0 . 0 0 0 8 2
ZAF CORRECTION

1 5 . 0 0 KV

No . o f I t e r a t i o n s
5
------K
CAD
CZ]
ZN-K 0 . 8 7 4
1.036
1 . 000
AL-K 0 . 1 1 1
0.930
2.399
FE-K 0 . 0 1 4
1.008
1 .012
* - Hi gh A b s o r b a n c e

(e)

CF3
1 . 000
1 . 000
0.904

4 0 . 0 0 Degs

CZAF]
1 .036
2.233
0.924

ATOM.Z UT.Z
59.63
77.59
39.35
21 . 2 6
1 .02
1.15

Silicon-rich phase (IH-phase) in commercial ZINCALUME coating.
(See D in Fig.6.37(a))
EL

NORM. K-RATIO

ZN-K 0 . 0 4 0 0 0 + - 0 . 0 0 2 8 4
AL-K 0 . 0 9 6 2 7 + - 0 . 0 0 1 3 9
SI - K 0 . 8 6 3 7 3 + - 0 . 0 0 3 8 9
ZAF CORRECTION

1 5 . 0 0 KV

No . o-f I t e r a t i o n s 20
— —
[A]
K
[Z]
1.183
r.ooo
ZN--K 0 . 0 4 0
1.025
1.101
AL*-K 0 . 0 9 4
0
.
9
9
3
1
.144
0
.
8
6
4
-K
SI* - High

Absorbance

CF]
1.000
0.959
1.000

4 0 . 0 0 Degs

[ZAF]
1.184
1 . 081
1.136

ATOM.Z UT.Z
1.84
4.18
9.74
9.20
88.42
86.62
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(f)

Centre of aluminium-rich dendrite (I-phase) in "Double-Dipped" ZINCALUME
coating. (See A in Fig.6.37(b))
EL

NORM. K-RATIO

ZN-K 0 . 3 5 0 1 9 + - 0 . 0 0 4 8 5
AL-K 0 . 6 4 9 8 1 + - 0 . 0 0 2 0 8
ZAF CORRECTION

..

1 5 . 0 0 KV

o-f I t e r a t i o n s 26
K
IZ3
[A]
ZN--K 0 . 3 5 0
1.116
0.999
AL--K 0 . 6 5 0
0.976
1 .513
* - Hi gh A b s o r b a n c e

4 0 . 0 0 Degs

No.
—

—

IF]
1 . 000
1 . 000

CZAF]
1.115
1 .477

ATOM.X UT.X
14.47
28.94
85.53
71.06

*

( g ) Edge of aluminium-rich dendrite (I-phase) in "Double-Dipped" ZINCALUME
coating. (See B in Fig.6.37(b))
EL

NORM. K-RATIO

ZN-K 0 . 4 1 3 8 5 + - 0 . 0 0 5 1 3
AL-K 0 . 5 8 6 1 5 + - 0 . 0 0 1 9 3
Z*F C0RRECT1 ON

1 5 . 0 0 KV

o-f I t e r a t i o n s 14
K
[A]
CZ3
ZN- K 0 . 4 1 4
0.999
1.108
AL- K 0 . 5 8 6
1 . 596
0.972
* - Hi gh A b s o r b a n c e

4 0 . 0 0 Degs

No.
—

CF]
1 . 000
1 . 000

CZAF]
1.107
1 .552

in//.

ATOM .7.
33.52
17.32
82.68
66.48

*

(h) Zinc-rich eutectic (II-phase) in "Double-Dipped" ZINCALUME coating.
(See C in Fig.6.37(b))
EL

NORM. K-RATIO

ZN-K 0 . 8 4 3 1 6 * - 0 . 0 0 7 5 4
AL-K 0 . 1 4 1 2 0 + - 0 . 0 0 0 9 7
FE-K 0 . 0 1 5 6 5 + - 0 . 0 0 0 6 0
ZAF CORRECTION

1 5 . 0 0 KV

5
No. o-f I t e r a t i o n s
CZ]
CA]
------K
1
.
0
4
3
1
.
0
00
ZN-K 0 . 8 4 3
0.935
AL-K 0 . 1 4 1
2.325
1.018
1.008
FE-K 0 . 0 1 6
* - High

Absorbance

CF]
1.000
1.000
0.910

4 0 . 0 0 De gs

CZAF]
1 .044
2.173
0.933

in.7.

ATOM .X
53.80
73.25
45.16
25.54
1.04
1.22

*
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(i)

Silicon-rich phase (Ill-phase) in "Double-Dipped" ZINCALUME coating.
(See D in Fig.6.37(b))
EL

NORM. K-RATIO

ZN-K 0 . 0 6 7 0 1 + - 0 . 0 0 2 2 ?
AL-K 0 . 0 5 6 9 6 + - 0 . 0 0 0 6 7
SI - K 0 . 8 7 6 0 3 + - 0 . 0 0 2 4 4
ZAF CORRECT I ON

1 5 . 0 0 KV

4 0 . 0 0 Degs

No.

o-f I t e r a t i o n s 23
K
CZ]
CA3
ZN- K 0 . 0 4 7
1.179
1 .000
AL- K 0 . 0 5 7
1 .022
1.151
SI- K 0.874
0.991
1.138
* “ Hi gh A b s o r b a n c e
—

CF3
1 .000
0.960
1 .000

t ZAF3
1 .17?
1 .12?
1 .127

ATOM .V. UT.7.
3.13
7.00
6.13
5.69
90.73
87.31
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Appendix 5 :

Calculation of the Significance of Correlation

Coefficients for the Linear Regression Analyses of Salt Spray
Test Results.

According to Alder and Roessler (170), if from a normal bivariate population with
correlation coefficient p=0, a sample size n is taken with correlation coefficient denoted
by R, then
R

satisfies a Student's t-distribution with n-2 degrees of freedom. The number of degrees
of freedom (denoted by v) is n-2, since for a regression line, the constants a and b are
fixed (i.e, there exist two independant relationships involving n-pairs of X and Y values).

In order to decide whether, for a sample of size n, a given correlation coefficient indicates
a linear relationship, we test the hypothesis that the sample is chosen from a population
where p=0, and, therefore determine the probability that from such a population, a
sample of size n is taken for which the correlation coefficient equals or exceeds the
absolute value of R calculated for the given sample. Here, we use a two-tailed test. If the
probability is less than 5% (or whatever other level of significance is chosen) then we
reject the hypothesis that the sample is taken from a population in which there is no linear
relationship. The value of R then indicates that the X and Y values can then be assumed
to be linearly related.

The significance of the linear relationships given for the Salt Spray Test is now
considered. Where the calculated value of t equals, or exceeds, the t-value given by
Student’s t-distribution, the relationship is said to be significant at the level defined.
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Magnesium Series Results (where R = 0.955 and n = 5);
0.955

4

5.58

1-0.912

For v = 3, Student’s t-distribution gives t0.os = 3.182. Since t = 5.58 > to.os = 3.182, it
is concluded that the correlation coefficient of 0.955 shows that the linear relationship
given for the magnesium series salt spray results is significant with 95% confidence.

Calcium Series Results (where R = 0.610 and n = 4);

t

R

0.610

vw ■yJW1

1.089

For v = 2, Student's t-distribution gives to.05 = 4.303. Since t = 1.089 < to.05 = 4.303, it
is concluded that the correlation coefficient of 0.610 shows that the linear relationship
given for the calcium series salt spray results is not significant with 95% confidence.

Gallium Series Results (where R = 0.878 and n = 5);
0.878

For v = 3, Student's t-distribution gives

to .05

3.181

= 3.182. Since t = 3.181 = to.05 = 3.182, it

is concluded that the correlation coefficient of 0.878 shows that the linear relationship
given for the gallium series salt spray results is significant with 95% confidence.
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Copper Series Results (where R = 0.898 and n = 5);

t

0.898

3.535

1-0.806

For v = 3, Student's t-distribution gives to.os = 3.182. Since t = 3.535 > to.os = 3.182, it
is concluded that the correlation coefficient of 0.898 shows that the linear relationship
given for the copper series salt spray results is significant with 95% confidence.

